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Abstract 
 
 The regulatory mechanism of allostery is exhibited by certain proteins 
such as Escherichia coli aspartate transcarbamoylase (ATCase), and is defined 
as the change in shape and activity (of enzymes) resulting from the binding of 
particular molecules at locations distant from the active site.  This particular 
enzyme and the property of allostery in general have been investigated for 
several decades, yet the molecular mechanisms underlying allosteric regulation 
remain unclear. Therefore in this thesis we have attempted via several 
biophysical methods, along with the tools of molecular biology and biochemistry, 
to correlate the changes in allosteric structure with presence of the allosteric 
effectors and enzymatic activity.  We created a double mutant version of 
ATCase, in which the only native cysteine residue in the catalytic chain was 
mutated to alanine and another alanine on a loop was mutated to cysteine, in 
order to lock the enzyme into the R allosteric state by disulfide bonds. This 
disulfide locked R state exhibited no regulation by the allosteric effectors ATP 
and CTP and lost all cooperativity for aspartate, and then regained those 
regulatory properties after the disulfide links were severed by addition of a 
reducing agent.  This double mutant was then chemically modified by covalent 
attachment of a fluorescent probe. The T and R allosteric states of this 
fluorophore-labeled enzyme had dramatically different fluorescence emission 
spectra, providing a highly sensitive tool for testing the effects of the allosteric 
effectors on the allosteric state.  The changes in the fluorescence spectra, and 
hence quaternary structure, matched the changes in activity after addition of ATP 
or CTP.  This fluorophore labeled enzyme was also encapsulated within a sol-
gel, changing the time scale of the allosteric transition from milliseconds to 
several hours.  The fluorophore labels allowed monitoring the allosteric state 
within the sol-gel, and the physically trapped T and R states both showed no 
regulation by the allosteric effectors ATP and CTP, and no cooperativity for 
aspartate.  The trapped T state had low-affinity for aspartate and low activity, and 
the trapped R state had high-affinity for aspartate and high activity.  Time-
resolved small-angle x-ray scattering (TR-SAXS) was used to determine the 
kinetics of the allosteric transition, and to monitor the structure of the enzyme in 
real time after the addition of substrates and allosteric effectors. These TR-SAXS 
studies demonstrated a correlation between the presence of the allosteric 
effectors, the quaternary allosteric state, and activity, suggesting like the previous 
studies in this thesis that the behavior of ATCase is well explained by the two-
state model. However, the effector ATP appeared to destabilize the T state and 
CTP to destabilize the R state, suggesting a different allosteric molecular 
mechanism than that of the two-state model.  This thesis demonstrates the 
validity of many of the concepts of the two-state model, while suggesting minor 
modifications to that elegantly simple model in order to conform with the complex 
structure and function of ATCase. 
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Chapter 1: Introduction 
 2 
A Brief History of E. coli Aspartate Transcarbamoylase 
 The property of allostery in proteins was recognized nearly a century ago 
by Christian Bohr,1 although it would take another half a century until the 
molecular basis behind this was discovered.2 The oxygen binding curve of 
hemoglobin was found to be sigmoidal, exhibiting low affinity for oxygen at low 
partial pressures, and then high affinity for oxygen at high partial pressures; 
hence the binding of oxygen was cooperative.  In other words, the more oxygen 
bound to hemoglobin the higher its binding affinity for oxygen. Later, this 
allosteric behavior was found to be not unique to hemoglobin; proteins with very 
different functions, such as enzymes with multiple substrates, were also found to 
exhibit this on-off switch-like behavior corresponding to increased binding affinity 
and activity upon binding substrates or effector molecules.3,4   
 A particular logic was found in the manner of allosteric regulation, which 
was that molecules that are produced downstream in a metabolic pathway often 
are the allosteric effectors of the enzymes lying upstream.  Such is the case with 
the enzyme aspartate transcarbamoylase (ATCase) from Escherichia coli, which 
catalyzes the committed step in pyrimidine nucleotide biosynthesis and hence is 
feedback inhibited by the end products of the pathway, CTP and UTP.5   
Likewise, ATCase is activated by end product of the parallel purine nucleotide 
pathway, ATP.4 ATCase catalyzes the reaction of carbamoyl phosphate (CP), 
which binds first, and the amino acid L-aspartate (Asp) to produce N-carbamoyl-
L-aspartate and inorganic phosphate, as shown in Figure 1.1. 
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Figure 1.1.  The condensation of carbamoyl phosphate and aspartate, as 
catalyzed by aspartate transcarbamoylase, forms the products carbamoyl 
aspartate and inorganic phosphate.  This is the committed step in pyrimidine 
biosynthesis.  ATCase is feedback inhibited by CTP and the combination of CTP 
and UTP, and activated by ATP.
 4 
As was found to be the case with hemoglobin, where the binding affinity 
for oxygen is modulated by several different effector molecules,6 the allosteric 
regulation of ATCase was found to be controlled by more than just the 
nucleotides ATP and CTP.  ATCase binds aspartate cooperatively, and hence 
kinetics assays at a saturating concentration of CP show a sigmoidal curve when 
plotted as the specific activity vs. [Asp],7 as contrasted with the hyperbolic curve 
of an enzyme with Michaelis-Menten type kinetics. 
 Several experimental breakthroughs on the nature of the structure and 
function of ATCase occurred in the 1960s, which began to reveal the structural 
basis behind the allosteric functioning of ATCase.  In 1963 Gerhart and Pardee 
reported the activation by ATP and inhibition by CTP of ATCase,3 and shortly 
thereafter it was determined that the regulatory sites where the nucleotides bind 
were distinct from the catalytic sites.4 The regulatory sites were later determined 
to reside on different polypeptide chains, or the regulatory chains (R), from the 
catalytic active sites, which binds the substrates, and are situated within the 
catalytic chains (C).8 In 1968 the correct empirical formula for the holoenzyme 
was determined as C6R6.9,10 About this time the correct molecular weight for the 
holoenzyme was calculated as ~300,000 Da, with the catalytic chains at ~33,000 
Da each and regulatory chains at ~17,000 Da each.  Shortly thereafter the overall 
quaternary structure was determined as two catalytic subunits composed of three 
catalytic chains, and three regulatory subunits composed of two regulatory 
chains, associated as shown in Figure 1.2.11
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Figure 1.2.  The quaternary structure of the ATCase holoenzyme, consisting of 
two catalytic trimers and three regulatory dimers.  As depicted here the z-axis is 
the 3-fold axis of symmetry, and the lines bisecting the regulatory dimers 
correspond to the three 2-fold axes of symmetry. 
 6 
The two catalytic subunits oppose one another and are bridged on the outside by 
the three regulatory subunits, with one 3-fold axis of symmetry and three 2-fold 
axes of symmetry.  Although the resolution of the structure was relatively low, it 
was correctly determined that the tertiary structure of the catalytic chain is two 
folding domains; an aspartate binding domain and a carbamoyl phosphate 
binding domain, and the tertiary structure of the regulatory chain is also two 
folding domains; a zinc binding domain and nucleotide binding allosteric domain. 
 Concurrent with these advances in the study of ATCase, two models were 
proposed with different theoretical frameworks and structural explanations for this 
phenomenon of protein allostery.  The first model was proposed by Monod, 
Wyman, and Changeux (MWC),12 as depicted in Figure 1.3, and suggested that 
cooperativity in the binding of substrates and/or other ligands (and with enzymes 
activation and inhibition) arose strictly from the modification in equilibrium 
between two different quaternary structures (necessitating that the protein 
contain multiple subunits); the ‘tense’ or T structure which would have low affinity 
for ligands, and the ‘relaxed” or R structure which would have high affinity for 
ligands.  Intrinsic to this model was that the binding affinity of the T or R states 
was independent of the number of ligands bound to either state.  This allosteric 
model also introduced the terms homotropic, meaning the cooperative interaction 
between identical ligands which in the case of ATCase would be aspartate, and 
heterotropic, meaning the cooperative interaction between unlike ligands such as 
the nucleotides affecting the binding of aspartate in the case of ATCase.
 7 
 
Figure 1.3.  Simplified schematic diagram of the allosteric model proposed by 
Monod, Wyman, and Changeux.  Squares and circles represent protein subunits 
in the T and R structural states, respectively.  Filled squares or circles represent 
ligated subunits, and empty squares and circles represent unligated subunits. 
This is also known as the two-state or concerted transition model, as there are no 
intermediate structural states between the T and R quaternary states.  The 
equilibrium constant L is defined as the ratio [T] / [R], and KT and KR are the 
equilibrium binding constants of the T and R states of the holoenzyme, 
respectively. 12 
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There is a general agreement that this model describes the homotropic 
cooperative behavior of ATCase extremely well, and much debate still on the 
applicability of the MWC model to the heterotropic effects of the nucleotides on 
ATCase.  One important observation not to be overlooked is that although the 
intrinsic binding affinities of the T and R states do not change with the ligation 
state, the equilibrium constant L = [T] / [R] does change with the ligation state, 
and hence the rates for the allosteric transition will change. 
 A second model describing allosteric behavior was proposed shortly after 
the MWC model by Koshland, Nemethy, and Filmer (KNF) 13 which was a 
modification and elaboration on a model proposed much earlier by Pauling.14 In 
this KNF model cooperative behavior was not the result of the switch between 
different two different quaternary structures with drastically different binding 
affinities; rather the binding of a ligand to a subunit increases the binding affinity 
for the next ligand, increasing the binding affinity in a stepwise manner and 
proportionally with the fractional saturation of the protein.  Structurally it was 
proposed ligand binding would induce conformational changes within its subunit, 
which would then transmitted through the subunit interfaces to neighboring 
subunits.  This structural mechanism can also be described as the transmission 
of a binding event to a distant binding site via a direct pathway.  In contrast the 
MWC mechanism can be described as a binding event causing a global change 
in the free energy of the protein and hence a change in the equilibrium constant 
between the two quaternary states.  It has been proposed that a model similar to 
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the one proposed by KNF could best describe the effects of nucleotide binding 
on the affinity of ATCase for aspartate, in particular the effect of ATP.  However, 
there is still much dispute as to whether experimental results are best described 
by the KNF model or can be fit within the parameters of the two-state MWC 
model. 
 One other breakthrough from this period was the synthesis of a very tight 
binding inhibitor specific to ATCase, N-phosphonacetyl-L-aspartate (PALA) by 
Collins and Stark in 1971.15 This inhibitor, which binds with nanomolar affinity, 
was originally termed a transition state inhibitor, but this has been revised to the 
more accurate description of bisubstrate analog.  This is because it combines 
elements of both substrates, CP and aspartate, into one covalently linked 
molecule, and also because it more closely resembles the substrates rather than 
the products.  This inhibitor molecule has been invaluable as a tool for promoting 
the T to R state transition and allowing the study of the R state. 
 
Three-dimensional Structure of ATCase 
 E. coli ATCase, including the wild-type and several mutagenic versions of 
the enzyme, has been crystallized with subsequent structural determination by X-
ray crystallography manifold times encompassing many different conditions of 
substrates, substrate analogs, and nucleotides.16-40  All crystal structures to date 
of the holoenzyme are either T-state or R-state, when allowing for small 
variations within each structural state, and therefore no true structures 
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intermediate between T and R.  This is a validation of the MWC model in regards 
to its applicability towards the behavior of ATCase, which was proposed before 
these structures were available, and that subsequently has greatly aided in the 
interpretation of experimental results with its elegant simplicity. 
 In the T state, the substrate binding domains are relatively open with 
respect to each other and the 240s loop (amino acid residues Leu225-Ala245) is 
swung out away from the active site, sterically hindered from moving into the 
high-affinity high-activity position of the R state.  This steric hindrance arises 
partly from the position of the opposing catalytic trimers, which are tightly 
arranged against one another in the T state and whose center of masses are 
separated by ~ 45 Å.  These trimers associate tightly not only due to hydrophobic 
forces, which drive the burying of hydrophobic side chains in the interior of the 
holoenzyme, but also because a network of intrachain and interchain hydrogen 
bonds and salt links; of the latter these are between opposing catalytic chains on 
opposite trimers (C1 to C4), and between the catalytic chains and a regulatory 
chains on opposite hemispheres (C4 to R1).  A diagram showing many of these 
T state stabilizing salt links and hydrogen bonds is shown in Figure 1.4.  The C1 
to C4 interaction between Glu239 and Lys164 and Tyr165 is known from T-state 
crystal structures and site directed mutagenesis studies to be critical for 
stabilization of the T state,41 along with the C4 to R1 salt link between Asp236 
and Lys143r.42,43
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Figure 1.4.  Schematic representation of one C2R2 unit (asymmetric unit of most 
holoenzyme crystal structures) from the ATCase holoenzyme T-state structure.  
The carbamoyl phosphate, aspartate, zinc, and nucleotide binding folding 
domains are represented by the abbreviations CP, Asp, Zn, and Al, respectively. 
The C1 to C4 interaction between Glu239 and Lys164 and Tyr165 is known to be 
critical for stabilization of the T state, along with the C4 to R1 salt link between 
Asp236 and Lys143r.
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Unlike the relatively small rotations of subunits undergone by some 
allosteric proteins during the T to R transition, the structural change during the 
allosteric transition of ATCase is dramatic, as depicted looking along a 2-fold axis 
of symmetry in Figure 1.5.  The binding of PALA, CP and aspartate, or a 
combination of several different substrate analogs, as demonstrated by steady-
state and time-resolved small-angle X-ray scattering (SAXS),44-47 causes the 
holoenzyme to transition rapidly from the T to R state.  Although the precise 
order of events or mechanism for the allosteric transition remains unknown, the 
overall changes that occur in the T to R state transition are known at atomic 
detail. The catalytic trimers separate by 11 Å and rotate 12° in relation to each 
other, accompanied by a rotation of the regulatory dimers of 15° about their 2-
fold axis of symmetry.  The elongation during the T to R transition occurs only 
along the three-fold axis, with no expansion along the three two-fold axes. The 
240’s loop moves approximately 8 Å, breaking the C1 to C4 intersubunit bonds, 
along with the C4 to R1 interchain salt links. A diagram showing the elimination 
of the T state stabilizing salt links and hydrogen bonds, and formation of several 
new R state stabilizing bonds, is shown in Figure 1.6.  These movements allow 
for the two substrate binding domains of the catalytic chain to close by 
approximately 7° and move approximately 2Å closer together, critical for 
formation of the active site, and the two domains of the regulatory chain to open 
by approximately 2°.  These motions are accompanied by the 80s loop from an 
adjacent catalytic chain  
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Figure 1.5.  View of the T- (top) and R- (bottom) state structures of the ATCase 
holoenzyme looking down one of the 2-fold axes of symmetry.  The holoenzyme 
undergoes a large vertical expansion (~11 Å) during the T to R transition, 
allowing for the closure of the aspartate and carbamoyl phosphate domains to 
form the high-affinity high-activity active site. 
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Figure 1.6.  Schematic representation of one C2R2 unit (asymmetric unit of most 
holoenzyme crystal structures) from the ATCase holoenzyme R-state structure.  
The carbamoyl phosphate, aspartate, zinc, and nucleotide binding folding 
domains are represented by the abbreviations CP, Asp, Zn, and Al, respectively. 
The R-state structure contains no interchain hydrogen bonds, as compared to the 
C1 to C4 and C4 to R1 interactions in the T state.
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swinging in towards the active site to contribute the residues Ser80 and Lys84 to 
the CP binding site. 
 
Active Site of ATCase 
Structures of the T state with no ligands present,19,37 with the first-binding 
substrate CP,34 and the CP analog phosphonacetamide (PAM),17 have been 
obtained. Overall, the difference between the unliganded T-state structures and  
CP or PAM liganded structures are minor. Yet closer examination reveals that 
several changes, critical in forming the high affinity aspartate binding site, have 
occurred upon the binding of CP.  More specifically, several residues critical to 
formation of the active site, such as Thr53-Thr55 in the 50s loop and Leu267-
Asp271, have moved close to their R state position. 
 Once CP or a CP analog has bound into its site, then Asp or an Asp 
analog, such as succinate or malonate, will bind into its site and promote the 
conversion to the R state.  Because the two substrates of ATCase are negatively 
charged at physiological pH, many of the active site residues have basic side 
chains and hence are positively charged at physiological pH.  The residues that 
are known to make direct contact with CP in the R state are: Ser52, Thr53, 
Arg54, Thr55, Arg105, His134, Gln137, Pro266, Leu267, and in addition the 80s 
loop from an adjacent catalytic chain contributes the residues Ser80 and Lys84.  
The residues known to make contact with Asp in the R state are: Lys84 (the 
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same residue from the adjacent catalytic chain that interacts with CP), Arg167, 
Arg229, and Gln231. 
 
Small-angle x-ray scattering studies of ATCase 
 SAXS is an experimental technique that can be used to obtain low-
resolution structural information on macromolecules (proteins).  At low scattering 
angles, the low-resolution portion of the scattering pattern, the scattering intensity 
and modulus of the scattering vector s (s = (2sinθ)/λ, where 2θ is the scattering 
angle and λ is the radiation wavelength) are functions of the distribution of the 
electron density in the macromolecule and radius of gyration of the 
macromolecule, respectively.48 The different quaternary structures of ATCase 
can be clearly differentiated in the scattering pattern at low scattering angles from 
the difference in the position and intensity of the first scattering peak,49 as 
demonstrated in Figure 1.7.  This decrease of the scattering angle (s) and 
increase in scattering intensity for the first maxima in the T to R transition of 
ATCase the reflects the increase in the radius of gyration and increase in the 
separation of the electron density within the molecule, caused by the two 
catalytic trimers separating by approximately 15 Å in the allosteric transition.50 In 
particular, the intensity of the peak increases because of a group of vectors in the 
interatomic distance range of 60 Å increases in length by about 5 Å in the T to R 
transition.  Because of the sensitivity of this technique, individual scattering 
patterns can be differentiated as either a mixture of the quaternary states (and 
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Figure 1.7.  Steady-state scattering patterns of the T and R quaternary structural 
states of wild-type ATCase.
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the allosteric equilibrium constant L determined) or a quaternary structure 
intermediate between the extreme T and R states.51 The effects of the allosteric 
effectors and substrate analogs on the quaternary structure can also be 
determined and quantified.44,52 When a stopped-flow mixer is added, the kinetics 
of the quaternary structural transition can be obtained.45-47 In this thesis, we use 
this technique of time-resolved SAXS (TR-SAXS) extensively to determine the 
effects of the allosteric effectors and mutations on the kinetics of the allosteric 
transition of ATCase, and visualize the shift in the allosteric equilibrium under 
steady state conditions in the presence of substrates.  In summary, TR-SAXS 
provides a method for obtaining transient structural information on ATCase that is 
unavailable using any other experimental technique available at present. 
 
Research Goals  
 Chapter 2 investigates the in vivo properties and structure of ATCase from 
the thermophilic archaeabacterium Methanococcus jannaschii, in addition to the 
cloning of the putative pyrB gene (coding for the catalytic chain and identified by 
a high degree of sequence homology with the E. coli pyrB gene) and pyrI gene 
(coding for the regulatory chain).  Sucrose gradient density sedimentation was 
performed on M. jannaschii cell-free extracts to determine the molecular weight 
and allosteric properties of the in vivo enzyme.  The cloned product of the pyrB 
gene, a catalytic trimer, was characterized by steady-state kinetics experiments 
and its thermal stability was compared to that of the E. coli catalytic trimer. 
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 Chapter 3 examines the contribution of an individual, yet critical, T state 
stabilizing intersubunit salt link between Asp236 of the catalytic chain and Lys143 
of the regulatory chain.  Steady-state small-angle X-ray scattering (SAXS) and 
kinetics experiments (aspartate saturation kinetic assays and nucleotide 
saturation kinetic assays) were used to investigate the changes in the structure 
and allosteric properties, respectively, for two versions of the D236A mutant 
holoenzyme: one in which all six catalytic chains carried the mutation, and a 
second hybrid enzyme in which one catalytic trimer carried the mutation and the 
other trimer was wild-type. 
 Chapter 4 reports on the mutation of a 240s loop residue, Ala241 to 
cysteine, that results in the formation of a disulfide bond between Cys241 
residues on catalytic chains from opposing catalytic trimers.  The one naturally 
occurring cysteine in the catalytic chain, Cys47, was changed to alanine, to form 
the C47A/A241C double mutant.  Introduction of this disulfide bond caused the 
trapping of the R state via new covalent bonds, which was demonstrated by 
SAXS and non-reducing SDS-PAGE.  The homotropic and heterotropic 
properties of this enzyme, unable to make the quaternary structural transition, 
were determined by kinetic assays.  As a control, the disulfide link was severed 
by addition of reducing agents and the regulatory properties for this enzyme, now 
able to switch between quaternary states, were compared to the R state locked 
enzyme. 
 20 
 Chapter 5 reports on another method of physical entrapment of ATCase, 
in this case accomplished by encapsulation within a sol-gel.  The individual 
allosteric states of ATCase, T and R, were successfully trapped within the pores 
of the sol-gel under different conditions by performing the polymerization of the 
silica precursor in the presence of the enzyme in buffer.  The allosteric state 
could be monitored within the sol-gel by trapping a fluorophore-labeled version of 
the C47A/A241C mutant enzyme, previously studied in Chapter 4.  
Spectroscopic measurements were performed on sol-gel monoliths cast within a 
cuvette, and kinetics experiments were performed on sol-gel thin films cast in 
glass tubes. 
 Chapter 6 uses the fluorophore-labeled C47A/A241C mutant enzyme 
introduced in Chapter 5 to further investigate the homotropic and heterotropic 
regulation of ATCase.  Titrations of the nucleotides were performed while 
monitoring the change in fluorescence, and were compared to nucleotide 
saturation curves performed by kinetic assays.  In addition, a PALA titration was 
performed while monitoring the change in fluorescence and compared to a PALA 
titration while monitoring the change in the SAXS signal to determine if the 
fluorescence change correlated to the change in quaternary structure. 
 Chapter 7 investigates the kinetics of the allosteric transition for wild-type 
ATCase by time-resolved SAXS (TR-SAXS).  Although similar TR-SAXS 
experiments with ATCase have previously been reported,45-47 these experiments 
were all performed at temperatures below 0 °C, making it necessary to add high 
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concentrations of cosolvents.  The effects of these cosolvents on the allosteric 
behavior of ATCase are reported, and improved instrumentation allowed high 
resolution data of the allosteric state of ATCase to be collected at rates as fast as 
5 ms. This allowed the experiments to be performed at temperatures between 5 - 
20 °C, with no cosolvent present.  Effects of the nucleotides on the kinetics of the 
structural change and equilibrium constant of the allosteric state are reported on, 
in real time, after addition of substrates.  The rate of the allosteric transition was 
compared for several different substrate concentrations, and also for the 
substrate analogs of CP plus succinate and PALA.  In summary, these 
experiments provided novel insights into the heterotropic mechanism and the 
energetics of the allosteric transition in ATCase. 
 Chapter 8 uses SAXS and TR-SAXS to investigate the structure and 
kinetics of the allosteric transition, respectively, of several mutant versions of 
ATCase.  All versions studied contained mutations in the active site, and in 
previous enzyme kinetics experiments were shown to have a lower maximal 
velocity than the wild-type, or reduced affinity for the substrates, or both.  The 
structure and kinetics of the allosteric transition for these enzymes were 
compared to these previous kinetics results in order to gain insight into how the 
free energy of the binding of substrates is related to the T to R transition.  
Comparison of the kinetics of the allosteric transition with the substrates and with 
PALA for these mutant enzymes yielded information on the different mechanisms 
for the allosteric transition with different ligands. 
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 Chapter 9 describes time-resolved fluorescence experiments performed 
using a stopped-flow instrument. In this study the fluorophore-labeled 
C47A/A241C enzyme was mixed with the substrates and substrate analogs and 
the kinetics of the fluorescence change, which were shown to correlate with the 
quaternary structural change in Chapter 6, were obtained at different 
concentrations and temperatures.  This study is ongoing; however, the activation 
energy for the T to R transition with the substrates and substrate analogs was 
obtained and demonstrated the potential of this technique for providing data on 
the kinetics of the allosteric structural change.
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Summary 
The genes from the thermophilic archaeabacterium Methanococcus 
jannaschii that code for the putative catalytic and regulatory chains of aspartate 
transcarbamoylase were expressed at high levels in E. coli.  Only the M. 
jannaschii pyrB (Mj-pyrB)  gene product exhibited catalytic activity.  A purification 
protocol was devised for the Mj-pyrB and M. jannaschii pyrI (Mj-pyrI) gene 
products.  Molecular weight measurements of the Mj-pyrB and Mj-pyrI gene 
products revealed that the Mj-pyrB gene product is a trimer and the Mj-pyrI gene 
product is a dimer.  Preliminary characterization of the aspartate 
transcarbamoylase from M. jannaschii cell-free extract revealed that the enzyme 
has a similar molecular weight to that of the E. coli holoenzyme. Kinetic analysis 
of the M. jannaschii aspartate transcarbamoylase from the cell-free extract 
indicates that the enzyme exhibited limited homotropic cooperativity and little if 
any regulatory properties.  The purified Mj-catalytic trimer exhibited hyperbolic 
kinetics, with an activation energy similar to that observed for the E. coli catalytic 
trimer.  Homology models of the Mj-pyrB and Mj-pyrI gene products were 
constructed based on the three-dimensional structures of the homologous E. coli 
proteins.  The residues known to be critical for catalysis, regulation, and 
formation of the quaternary structure from the well characterized E. coli aspartate 
transcarbamoylase were compared. 
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Footnotes 
Abbreviations: Amp, ampicillin; Mj-pyrB, the gene identified in M. jannaschii 
that has high sequence identity to the pyrB gene of E. coli; Mj-pyrI, the gene 
identified in M. jannaschii that has high sequence identity to the pyrI gene of E. 
coli;  Mj-catalytic trimer, the trimeric protein product of the M. jannaschii pyrB 
gene that has aspartate transcarbamoylase activity. 
 
1 The names of the two genes are those from E. coli. 
2 The residue numbering is based on the E. coli amino acid sequence. 
3 Within the E. coli holoenzyme, the catalytic chains of the top catalytic trimer are 
numbered C1, C2 and C3, whereas the catalytic chains of the bottom catalytic 
trimer are numbered C4, C5 and C5, with C4 under C1.  The regulatory dimers 
contain chains R1-R6, R2-R5, and R3-R6.  A regulatory chain is in direct contact 
with the same numbered catalytic chain. 
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Introduction 
Organisms from the archaea, prokarya and eukarya kingdoms all produce 
aspartate transcarbamoylase, the enzyme that catalyzes the committed step of 
the pyrimidine biosynthetic pathway, the reaction of carbamoyl phosphate and L-
aspartate to form N-carbamoyl-L-aspartate and inorganic phosphate 1.  There are 
four major classes or forms of quaternary structures known for aspartate 
transcarbamoylases.  In prokaryotes, aspartate transcarbamoylase is known to 
exist in three classes.  The simplest is class C, a homotrimer of catalytic chains 
each with a molecular weight of approximately 34 kD.  The aspartate 
transcarbamoylase from Bacillus subtilis, which lacks both homotropic and 
heterotropic properties, is an example of this class 2.  A second form of aspartate 
transcarbamoylase, class A, is a dodecamer of six 34 kD and six 45 kD 
polypeptides.  Catalytic and regulatory functions of this enzyme are both located 
on the 34 kD polypeptides, while the function of the 45 kD polypeptides is 
unknown.  There are several species of Pseudomonas which produce this type of 
aspartate transcarbamoylase, including Pseudomonas fluorescens 3,4.  The third, 
and best-characterized class of aspartate transcarbamoylase, is class B, 
comprised of two trimeric catalytic subunits of 34 kD polypeptides and three 
dimeric regulatory subunits of 17 kD polypeptides.  The class B form is an 
allosteric enzyme, exhibiting both homotropic and heterotropic interactions.  
Escherichia coli, Salmonella typhimurium, Erwinia herbicola, Serratia 
marcescens, and other members of the family Enterobacteriaceae produce class 
B aspartate transcarbamoylase 5.  In eukaryotes, aspartate transcarbamoylase 
often is part of a multienzyme complexes, such as those found in yeast and 
hamster 6.  
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The DNA sequence of the unicellular thermophilic archaeabacterium 
Menthanococcus jannaschii revealed genes (pyrB and pyrI)1 that are 
homologous to a class B aspartate transcarbamoylase 7.  In the E. coli genome, 
the pyrB and pyrI genes are separated by only 12 base pairs, whereas in the M. 
jannaschii genome the two homologous genes are separated by over 200,000 
base pairs.  Figure 2.1 shows a sequence alignment of the E. coli and M. 
jannaschii pyrB and pyrI genes.  The pyrB gene products exhibit 47% identity 
and 67% similarity, and the pyrI gene products exhibit 35% identity and 52% 
similarity, suggesting that the pyrB and pyrI gene products of the two species 
have similar tertiary structures.  The M. jannaschii differs from other recently 
characterized archaeabacteria such as Pyrococcus abyssi 8 and Sulfolobus 
acidocaldarius 9 that contain an enterobacterial-like pyrBI operon. 
In order to study the M. jannaschii aspartate transcarbamoylase, the M. 
jannaschii pyrB (Mj-pyrB) and M. jannaschii pyrI (Mj-pyrI) genes were inserted 
into an expression system that yielded substantial amounts of both gene 
products. A protein purification scheme was developed for the Mj-pyrB and Mj-
pyrI gene products, and the quaternary structure of the M. jannaschii aspartate 
transcarbamoylase found in vivo was analyzed and kinetically characterized. 
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Results and Discussion 
Construction of Plasmids for the Expression of the Mj-pyrB and Mj-pyrI 
Genes — Two separate approaches were taken in order to express the Mj-pyrB 
and Mj-pyrI gene products.  The first was to place the M. jannaschii genes under 
the control of the E. coli pyrBI promoter in an approach similar to that used to 
express the B. subtilis aspartate transcarbamoylase in E. coli 10.  The second 
was to place the M. jannaschii genes under the control of the bacteriophage T7 
promoter using the pET plasmid system of Studier et al. 11.   
The DNA encoding the Mj-pyrB and Mj-pyrI genes were isolated from 
plasmids AMJPK84 and AMJAE67, respectively 7.  Since both of the expression 
systems require an NdeI site at the initiation fMet codon, the required NdeI site, 
as well as an additional restriction site (SacI) after the 3’ end of the coding 
region, were introduced using PCR 12. The NdeI and SacI sites allowed easy 
cloning of the Mj-pyrB and Mj-pyrI genes into both the pyrBI and pET expression 
systems (See Experimental Procedures for details). 
Expression of the Mj-pyrB and Mj-pyrI Genes Products using the E. coli 
pyrBI Promoter — In order to test the levels of protein expression of the Mj-pyrB 
and Mj-pyrI gene products under the control of the pyrBI promoter, the 
appropriate plasmids (pEK400 and pEK401) were transformed into the E. coli 
overproduction strain EK1104 13.  This system, which depends upon the 
derepression of the genes of the pyrimidine pathway, did not produce satisfactory 
levels of the Mj-pyrI and Mj-pyrB gene products.   
Expression of the Mj-pyrB and Mj-pyrI Genes Using the pET System —  
The plasmids pEK406 and pEK407 containing the Mj-pyrB and Mj-pyrI genes 
inserted into pET23a were transformed into EK1594 14.  This E. coli strain has a  
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Figure 2.1.  Sequence alignment of the E. coli (ECOLI) and M. jannaschii 
(METJA) pyrB and pyrI gene products.  The pyrB gene products exhibit 47% 
identity and 67% similarity, while the pyrI gene products exhibit 35% identity and 
52% similarity. 
 40 
chromosomal deletion of the pyrB and pyrI genes, and a copy of the T7 DNA 
polymerase gene inserted into the chromosome under the control of the inducible 
lac promoter.  As seen in Figure 2.2 the expression of the Mj-pyrB gene product 
was poor in this system, while substantial amounts of the Mj-pyrI gene product 
were produced, amounting to approximately 15% of the total cellular protein. 
Expression of Mj-pyrB and Mj-pyrI Gene Products Using the pET System in 
the Presence of pSJS1240 —Kim et al. 15 reported that the expression of 
archaeal proteins in E. coli is often poor due to differences in codon usage 
between archaea and E.coli.  For example, the codons ATA, AGA and AGG are 
found in high abundance in archaeal genes but are rare in E. coli genes.  By 
enhancing the levels of certain low abundance tRNAs (argU, which codes for 
ATA, and ileX, which codes for AGA and AGG) in E. coli, the level of archaeal 
protein expression can be enhanced 15.  In the case of the Mj-pyrB gene there 
are 31 of these rare codons while in the Mj-pyrI gene there are only 9. 
When the plasmid pSJS1240, encoding the argU and ileX tRNAs was 
introduced into the pET Mj-pyrB and Mj-pyrI expression strains, there was a 
considerable improvement in the expression of the Mj-pyrB gene product, 
whereas the Mj-pyrI gene product was enhanced little if at all (see Figure 2.2).  
This difference may be directly related to the relative numbers of rare codons 
found in each of the two genes.  The combination of the pET expression system 
along with the enhancement of the rare tRNA pools thus provides a useful 
method for overproduction of both the Mj-pyrB and Mj-pyrI gene products in E. 
coli. 
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Figure 2.2. Expression of the recombinant Mj-pyrB and Mj-pyrI gene products in 
the E. coli pET system.  Plasmids pEK406 and pEK407 were transformed into 
strain EK1594 and used for the expression of the Mj-pyrB and Mj-pyrI gene 
products.  To test for utilization of rare tRNAs, these strains were cotransformed 
with pSJS1240.  Crude cell extracts were applied to a 15% SDS-polyacrylamide 
gel.  Lane A represents the expression of the Mj-pyrB gene product in the 
absence (-) or presence (+) of the plasmid pSJS1240.  Lane B represents the 
expression of the Mj-pyrI gene product in the absence (-) or presence (+) of the 
plasmid pSJS1240.  
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Catalytic Activity of the Mj-pyrB and Mj-pyrI Gene Products — In order to 
determine whether the Mj-pyrB or Mj-pyrI gene products exhibited aspartate 
transcarbamoylase activity, crude cell extracts were analyzed using the highly  
sensitive colorimetric assay 16.  Crude cell extracts containing the Mj-pyrB gene 
product expressed in E. coli exhibited considerable aspartate transcarbamoylase 
activity (data not shown).  In extracts of cells without the plasmid containing the 
Mj-pyrB gene or with the Mj-pyrI gene, no aspartate transcarbamoylase activity 
could be detected (data not shown).  These data indicate that the Mj-pyrB gene 
product is sufficient for aspartate transcarbamoylase activity, just as the 
corresponding pyrB gene product from E. coli is catalytically active even in the 
absence of the pyrI gene product. 
Purification of the Mj-pyrB Gene Product — As seen in Figure 2.3, Lane B, 
the Mj-pyrB gene product is highly overexpressed in the presence of enhanced 
tRNA pools.  A purification procedure for the Mj-pyrB gene product was 
developed taking advantage of the expected thermal stability of the protein.  After 
the cells were broken open by sonication and centrifuged to remove cell debris, 
ammonium sulfate was added to 30% saturation followed by a 15 minute, 90° C 
heat treatment.  Negligible loss of enzymatic activity and a 2-fold purification 
were observed (Figure 2.3, Lane C).  The heat step was followed by two 
chromatography steps (Figure 2.3, Lanes D and E), the first employing anion-
exchange chromatography (Q-Sepharose Fast Flow) and the second employing 
hydrophobic interaction chromatography (Phenyl Sepharose).  The overall 
protein purification procedure resulted in a 5.9-fold purification, negligible loss of 
enzyme activity and greater than 98% pure Mj-pyrB gene product (see Table 2.1 
and Figure 2.3, Lane E).
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Figure 2.3. Purification of the Mj-pyrB gene product.  The steps in the purification 
protocol were monitored by SDS-polyacrylamide gel electrophoresis.  Lane A, 
molecular weight markers;  Lane B, combined crude cell extract; Lane C, after 
the heat purification step; Lane D, after Q-Sepharose anion-exchange 
chromatography;  Lane E, after Phenyl Sepharose chromatography.  For lanes 
B-E, the loading was based on equivalent catalytic activity of aspartate 
transcarbamoylase. 
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Table 2.1.  Purification of the Methanococcus jannaschii Asparate 
Transcarbamoylase Catalytic Trimer 
Step Protein 
Concentration 
(mg/ml) 
Activity 
(Units) 
Total 
Protein 
(mg) 
Activity 
(Units/mg) 
Fold 
Purification 
Sonicate 4.55 4704 404 11.5 - 
Heat 1.84 4607 220 20.9 1.8 
Q-Sepharose 1.07 3877 91 42.7 3.7 
Phenyl-
Sepharose 
1.24 4007 58 69.1 5.9 
 
a A unit of activity is defined as 1 µmole of carbamoyl aspartate formed per minute.  
Activity measurements were carried out by the pH-stat method 16 at 25°C with 30 
mM aspartate and 4.8 mM carbamoyl phosphate. 
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Thermal Stability of the M. jannaschii pyrB Gene Product — Given the fact 
that the optimal growth temperature of M. jannaschii is 85°C as compared to 
37°C for E. coli, a comparison of the thermal stabilities of the pyrB gene products  
was carried out.  As seen in Figure 2.4, the M. jannaschii pyrB gene product is 
substantially more stable than the E. coli catalytic subunit.  At 75°C half of the 
initial catalytic activity of the E. coli catalytic subunit was lost in less than one 
minute.  On the other hand, the M. jannaschii pyrB gene product retained 75% of 
its activity after 60 minutes at the same temperature.  The heat stability of the M. 
jannaschii pyrB gene product is very sensitive to the conditions used.  In the heat 
step of the purification (90°C) almost no reduction in catalytic activity was 
observed; however, the thermal stability of the enzyme was greatly enhanced by 
the addition of ammonium sulfate. 
Quaternary Structure of the Mj-pyrB and Mj-pyrI gene products — The 
genomic organizations of the Mj-pyrB and Mj-pyrI and the E. coli pyrB and pyrI 
genes differ substantially.  In E. coli, the two genes are contiguous, separated by 
only 12 base pairs.  In contrast, the Mj-pyrB and Mj-pyrI genes are separated by 
200,000 base pairs of intervening sequence.  Furthermore, the genomic 
organization of the Mj-pyrB and Mj-pyrI genes suggest that they are regulated by 
separate promoters, whereas the E. coli pyrB and pyrI genes are regulated as a 
single pyrBI operon.  The striking differences in genomic organization between 
these two organisms are difficult to assess in terms of physiological or 
evolutionary significance.  Indeed, it has not been determined whether the Mj-
pyrB and Mj-pyrI gene products are expressed differentially or concerted.  The 
high degree of conservation between the M. jannaschii and E. coli pyrB and pyrI 
sequences, especially between residues characterized as important for 
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Figure 2.4.  Comparison of the thermal stability of the M. jannaschii and E. coli 
pyrB gene products.  Solutions of the M. jannaschii ()and E. coli () pyrB gene 
products at 0.5 mg/ml were heated in 75 °C 40 mM KH2PO4, 2 mM 2-
mercaptoethanol, 0.2 mM EDTA pH 7.0.  Samples were removed at the indicated 
times and immediately chilled on ice.  Enzymatic activity was determined by the 
colorimetric assay. 
 47 
 
quaternary structure formation in E. coli aspartate transcarbamoylase, led us to 
expect the quaternary structure of M. jannaschii aspartate transcarbamoylase 
would be similar to that found in E. coli. 
In order to determine whether the Mj-pyrB and Mj-pyrI gene products exist 
as monomers or higher order species, a molecular weight analysis was 
performed by gel filtration.  The molecular weights of the Mj-pyrB and Mj-pyrI 
gene products were determined against a set of standards and found to be 129 
kD and 32 kD, respectively.  The monomer molecular weights of the Mj-pyrB and 
Mj-pyrI gene products were determined by SDS-PAGE analysis to be 37 kD and 
17 kD, respectively.  These values compared favorably with the theoretical 
molecular weights of 33.7 kD and 17 kD as calculated from the primary amino 
acid sequences.  These data indicate that the Mj-pyrB gene product associates 
as a trimer and that the Mj-pyrI gene product associates as a dimer.  The trimeric 
structure of the Mj-pyrB gene product and the dimeric structure of the Mj-pyrI 
gene product is consistent with structures of other class B aspartate 
transcarbamoylases.  
Quaternary Structure of M. jannaschii Aspartate Transcarbamoylase — The 
above data suggests that the M. jannaschii aspartate transcarbamoylase is 
organized in the class B form.  To test this hypothesis, the quaternary structure of 
the M. jannaschii aspartate transcarbamoylase that exists in vivo was determined 
directly from a M. jannaschii cell-free extract, using sucrose gradient density 
sedimentation.  
After centrifugation through the sucrose density gradient, the M. jannaschii 
cell-free extract was fractionated and each fraction was assayed for aspartate 
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transcarbamoylase activity.  As standards, a mixture of the catalytic subunit and 
the holoenzyme of E. coli aspartate transcarbamoylase were centrifuged through 
an identical sucrose gradient, fractionated, and assayed for activity.  As seen in 
Figure 2.5, the peak aspartate transcarbamoylase activity in the M. jannaschii 
crude cell-free extract sedimented at a position almost identical to that of the E. 
coli holoenzyme.  These results are consistent with the notion that the Mj-pyrB 
and Mj-pyrI gene products associate to form a quaternary structure similar to that 
observed for the class B aspartate transcarbamoylases, such as the E. coli 
holoenzyme. 
In further support of this notion, preliminary experiments have demonstrated 
that mixing the purified Mj-pyrB gene product and partially purified Mj-pyrI gene 
product results in the formation of a quaternary structure similar in mass to the E. 
coli holoenzyme.  However, the in vitro reconstituted M. jannaschii holoenzyme 
was extremely difficult to manipulate due to very limited solubility of the newly 
formed holoenzyme.  Future experiments are planned to optimize conditions for 
the in vitro reconstitution of the M. jannaschii holoenzyme.  Nevertheless, in vivo 
and in vitro studies indicate that the Mj-pyrB and Mj-pyrI gene products assemble 
to form an aspartate transcarbamoylase of the class B type.   
Homotropic and Heterotropic Interactions of the M. jannaschii Aspartate 
Transcarbamoylase — Preliminary experiments were performed on the M. 
jannaschii aspartate transcarbamoylase partially purified by sucrose density-
gradient centrifugation from M. jannaschii cell extracts.  Aspartate saturation 
curves at 37°C revealed that at saturating concentrations of carbamoyl 
phosphate homotropic cooperativity with respect to aspartate was observed, 
although the value of the Hill coefficient was less than that observed for the E. 
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Figure 2.5.  Fractionation of a cell-free extract of M. jannaschii by sucrose 
density gradient sedimentation. The graph represents the relative aspartate 
transcarbamoylase activity of the fractionated cell-free extract of M. jannaschii 
() as compared to standards comprised of a mixture of the E. coli catalytic 
subunit (C3) and holoenzyme (C6R6) ().  See the Experimental Procedures for 
additional details. 
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coli enzyme.  On the other hand, at subsaturating concentrations of aspartate, 
ATP and CTP did not influence the activity of the enzyme (data not shown).  
Because of the crude enzyme preparation used, we consider these results 
tentative until a more highly purified preparation of the M. jannaschii aspartate 
transcarbamoylase can be tested.  The extent of the homotropic and heterotropic 
interactions must also be evaluated at higher temperatures closer to the optimal 
growth temperature of M. jannaschii. 
A Model of the Three-dimensional Structure of the Mj-pyrB and Mj-pyrI 
Gene Products — As seen in Figure 2.1, the pyrB gene products from M. 
jannaschii and E. coli are extremely homologous, exhibiting 47% identity and 
67% similarity, suggesting that they arose from a common ancestral gene.  
Residues determined to be critical for catalytic activity in the E. coli enzyme 17, 
including Ser-522, Arg54, Thr55, Arg105, His134, Gln137, Arg167, Arg229, 
Gln231, Ser80 and Lys84 are all conserved in the Mj-pyrB gene product.  As 
Ser80 and Lys84 are donated into the active site of one catalytic chain from an 
adjacent catalytic chain in E. coli, the conservation of these residues suggests 
that the active site in the Mj-pyrB gene product is also at the interface between 
chains and is shared.  
Interactions important for trimer stability such as the C1-C23 interchain 
interactions, Glu37—Lys40 18, Arg54—Glu86 19, Arg54—Tyr98, Arg65—Tyr98, 
Arg65—Asp100 18, and Asp90—Arg269 18 are all conserved.  All residues 
involved in stabilization of the interface between two catalytic chains donated by 
different trimers, the C1-C4 interface, are conserved, including Lys164, Tyr165 
20, Glu233 21, Arg234 22, Glu239 23, Tyr240 24 and Asp271 22.   
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The conservation of the Mj-pyrI gene product is slightly lower than that 
observed for the Mj-pyrB gene product with 35% identity and 52% similarity to 
the E. coli regulatory chain sequence (see Figure 2.1).  The residues which 
comprise the Zn binding site, Cys109, Cys114, Cys138, and Cys141 are all 
conserved, strongly suggesting that this site is retained in the Mj-pyrI gene 
product.  In the nucleotide effector binding site, all residues which interact with 
nucleotides via side chain interactions are conserved, including Asp19 25, His20 
25, Lys60 26 and Lys94 27, suggesting that the Mj-pyrI gene product has a 
nucleotide binding site. 
 In the interface between one catalytic chain in the top and one regulatory 
chain in the bottom of the molecule, the C1-R4 interface, the critical interface-
stabilizing interaction between Lys143 28 and Asp236 29 is also conserved.  In 
addition, many of the stabilizing interactions of the C1-R1 interface are also 
conserved.  The only departure from interface residue conservation is in the R1-
R6 interface, between the two regulatory chains of a dimer.  Little of this interface 
is conserved; however, many of these interactions are backbone in nature, and 
therefore do not rely on the nature of the specific side chains. 
Figure 2.6A is a three-dimensional model of the Mj-pyrB gene product 
derived from the X-ray structural data for one catalytic chain of the E. coli 
enzyme. Figure 2.6B shows a three-dimensional model of the Mj-pyrI gene 
product derived from the X-ray structural data for one regulatory chain of the E. 
coli enzyme.  The models of both the Mj-pyrB and Mj-pyrI gene products are 
overall extremely similar to the corresponding proteins from E. coli.  Small 
insertions and deletions are located on surface loops such as the 20s, 80s and 
240s loop of the Mj-pyrB gene product and the 30s and 130s loops of the Mj-pyrI  
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Figure 2.6.  Homology models of the Mj-pyrB and Mj-pyrI gene products.  The 
homology models were calculated using Swiss-Model 32.  (Top) Stereoview of the 
homology model of the Mj-pyrB gene product (dark) overlaid onto the three-
dimensional structure of the E. coli catalytic chain (outline) (PDB file 1D09, A 
chain).  (Bottom) Stereoview of the homology model of the Mj-pyrI gene product 
(dark) overlaid onto the three-dimensional structure of the E. coli regulatory chain 
(outline) (PDB file 1D09, B chain).  This figure was drawn with the program 
SETOR 33. 
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gene products.  Since the 80s and 240s loops of the E. coli catalytic chain are 
important for catalysis and homotropic cooperativity, the observed alterations in 
these loops may result in alterations in these properties of the M. jannaschii 
enzyme.  The modeling of the pyrB and pyrI gene products as well as the 
conservation of functionally critical amino acid side chains suggests that the M. 
jannaschii and E. coli enzymes catalyze the transcarbamoylase reaction by a 
similar mechanism and have a similar tertiary structure. 
Comparison of the Amino Acid Sequence of the M. jannaschii and E. coli 
pyrB and pyrI gene products — There are several major differences in the amino 
acid composition of the M. jannaschii and E. coli pyrB and pyrI gene products.   
The percent of the large hydrophobic residue Ile and the charged residues Lys 
and Glu are all substantially higher in the  pyrB and pyrI gene products of M. 
jannaschii as compared to the corresponding E. coli proteins.  There is also a 
large decrease in the percent of Ala residues.  A pairwise alignment of the 
deduced amino acid sequences between the two species indicated that the 
increased number of Ile residues found in the M. jannaschii pyrB and pyrI gene 
products largely corresponds to either a Val or Leu replacement in the pyrB and 
pyrI gene products. The increased incidence of the hydrophobic Ile residues in 
the M. jannaschii gene products occurred primarily within the hydrophobic core 
as deduced from the homology model.  Overall, there is a 7% and 6% increase in 
the number of hydrophobic residues in the M. jannaschii  pyrB and pyrI gene 
products respectively as compared to the corresponding E. coli proteins. 
The increased incidence of charged residues, Lys and Glu, in the M. 
jannaschii pyrB and pyrI gene products is significant.  In fact, there is a 37% and 
23% increase in the number of charged residues that comprise the pyrB and pyrI 
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gene products, respectively, as compared to the corresponding E. coli proteins.  
A pairwise alignment of the deduced amino acid sequences between the two 
species indicated that the increased number of charged residues found in the M. 
jannaschii corresponds to the replacement of either Ala or charged residues 
other than Lys or Glu in the E. coli sequence.   The homology model of the M. 
jannaschii pyrB and pyrI gene products indicated that nearly all of the charged 
residues are exposed to solvent.  
Structural studies of proteins from thermophilic organisms have led to 
characteristics that may be important in defining protein structural stability.  
Factors such as an increase in ionic bonds, core protein hydrophobic interactions 
and the number of bulkier hydrophobic residues have been characterized in 
thermostabile enzymes.  Other factors include a decrease in the number of 
thermolabile residues such as, Trp, Gln, Asn and Cys and an increase in the 
number of Pro residues 8,30. Furthermore, structural studies have demonstrated 
that protein stabilization is enhanced by electrostatic interactions between an 
aspartic acid side chain at position N2 of an a-helix with the positive charge at 
the end of the a-helix 30.  For instance, aspartic acid substitutions occur at 
position N2 of the putative a-H2 of the M. jannaschii regulatory chain and a-H7 
and 8 of the catalytic chain as deduced from amino acid sequence and modeling 
analysis as compared to the E. coli counterpart.  The thermostability of the M. 
jannaschii pyrB gene product may be partially attributed to these substitutions.  
Other factors may include the decreased number of Trp, Gln, Asn and Cys 
residues and the increased of number of proline and bulkier hydrophobic 
residues. 
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Table 2.2.  Kinetic parameters of the M. jannaschii and E. coli catalytic trimer at 
pH 8.3 
Aspartate Saturationa 
M. jannaschii      E. coli 
Temperature 
(°C) 
Maximal 
velocityb 
(Units/mg) 
Km (mM) Maximal 
velocityb 
(Units/mg) 
Km (mM) 
5 NDc ND 138 ± 5.0 1.8 ± 0.08 
15 68 ± 3.3d 40.4 ± 5.0 343 ± 33 3.1 ± 0.07 
25 103 ± 5.0 34.6 ± 2.0 473 ± 48  6.0 ± 0.5 
35 ND ND 1013 ± 107 20.9 ± 2.8 
37 283 ± 38.3 18.2 ± 1.0 ND  ND 
45 ND ND 1337 ± 273 39.1 ± 8.4 
55 735 ± 105 10.9 ± 7.0 ND ND 
 
Carbamoyl Phosphate Saturatione 
M. jannaschii      E. coli 
Temperature 
(°C) 
Maximal 
velocityb 
(Units/mg) 
Km (µM) Maximal 
velocityb 
(Units/mg) 
Km (µM) 
25 97 ± 16.7 88 ± 1.0 473f 20f 
37 278 ± 46.7 162 ± 22 ND ND 
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a These data were determined from aspartate saturation curves.  Colorimetric 
assays were performed in 0.05 M Tris-acetate buffer, pH 8.3, at saturating 
concentrations of carbamoyl phosphate (4.8 mM).   
b The maximal velocity represents the maximal observed specific activity from 
the aspartate saturation curve. 
c The kinetic parameters at these temperatures were not determined. 
d Average deviation of at least three determinations. 
e These data were determined from the carbamoyl phosphate saturation 
curves.  Colorimetric assays were performed in 0.05 M Tris-acetate buffer, 
pH 8.3 and saturating concentrations of aspartate corresponding to four 
times the half-saturation of aspartate.    
f Data taken from Stebbins, et al. 31. 
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Steady State Kinetics of the Mj-pyrB Gene Product — A steady-state kinetic 
analysis was performed on the purified Mj-catalytic trimer.  Initial characterization 
of the Mj-catalytic trimer was carried out at 25°C.  At this temperature, the Mj-
catalytic trimer exhibited Michaelis-Menten kinetics with a maximal velocity 4.6-
fold lower and a Km of aspartate 5.8-fold higher than the E. coli catalytic trimer 
(see Table 2.2) The temperature dependence of the Mj-catalytic trimer enzymatic  
activity was also investigated.  At all temperatures tested, the aspartate 
saturation curves were hyperbolic.  The E. coli catalytic trimer demonstrated a 
significantly higher maximal velocity as compared to that of the Mj-catalytic trimer 
at all temperatures tested.  
Based on the maximal observed specific activities, the activation energy of 
the transcarbamoylase reaction was calculated to be 9.4 ± 0.5 Kcal/mole and 8.6 
± 0.5 Kcal/mole for the Mj-catalytic trimer and E. coli catalytic trimer, respectively 
(Figure 2.7).  The near equivalence of the two activation energies implies that the 
rate-limiting step for the Mj-catalytic trimer and the E. coli catalytic trimer are 
likely the same. 
Whereas both M. jannaschii and E. coli catalytic trimers demonstrate 
catalytic conservation and increased maximal velocity as a function of 
temperature, binding of substrate to the enzymes follows opposite trends.  The 
Km of aspartate for the Mj-catalytic trimer decreases as a function of temperature 
and, in contrast, the Km of aspartate for the E. coli catalytic trimer increases as a 
function of temperature.  Although the activation energies are nearly equivalent 
for both enzymes, the differences found between Km of aspartate and maximal 
velocity may have evolved independently of the catalytic mechanism in order to 
optimize enzymatic function in each organism’s cellular environs. 
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In this work we have compared the aspartate transcarbamoylases from E. 
coli and M. jannaschii.  These two organisms are evolutionarily distant, yet their 
aspartate transcarbamoylases are remarkably similar.  Further study of the M. 
jannaschii enzyme should provide insight into the means of its extreme heat 
stability and further elucidate the mechanisms of the homotropic and heterotropic 
properties of aspartate transcarbamoylase.
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Figure 2.7.  Arrhenius plot of the M. jannaschii () and the E. coli () catalytic 
trimers.  Colorimetric assays were performed in 0.05 M Tris-acetate buffer, pH 
8.3 at a saturating concentration of carbamoyl phosphate (4.8 mM).  Error bars 
correspond to the standard deviation of two or more determinations. 
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Abstract 
Homotropic cooperativity in Escherichia coli aspartate transcarbamoylase 
results from the substrate induced transition from the T to the R state.  These two 
alternate states are stabilized by a series of interdomain and intersubunit 
interactions.  The salt-link between Lys-143 of the regulatory chain and Asp-236 
of the catalytic chain is only observed in the T state.  When Asp-236 is replaced 
by alanine the resulting enzyme exhibits full activity, enhanced affinity for 
aspartate, no cooperativity, and no heterotropic interactions.  These 
characteristics are consistent with an enzyme locked in the functional R state.  
Using small-angle X-ray scattering (SAXS), the structural consequences of the 
D236A mutant were characterized.  The unliganded D236A holoenzyme appears 
to be in a new structural state which is neither T, R nor a mixture of T and R 
states.  The structure of the native D236A holoenzyme is similar to that 
previously reported for another mutant holoenzyme (E239Q) that also lacks 
intersubunit interactions.  A hybrid version of aspartate transcarbamoylase in 
which one catalytic subunit was wild-type and the other had the D236A mutation 
was also investigated.  The hybrid holoenzyme, with three of the six possible 
interactions involving Asp-236, exhibited homotropic cooperativity, and 
heterotropic interactions consistent with an enzyme with both T and R functional 
states.  SAXS analysis of the unligated hybrid indicated that the enzyme was in a 
new structural state more similar to the T than to the R state of the wild-type 
enzyme.  These data suggest that three of the six intersubunit interactions 
involving D236A are sufficient to stabilize a T-like state of the enzyme and allow 
for an allosteric transition.  
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Footnotes 
1 The abbreviations used are PALA, N-(phosphonoacetyl)-L-aspartate;  [Asp]0.5, 
the aspartate concentration at half the maximal observed specific activity; C, 
catalytic subunit of aspartate transcarbamoylase composed of three catalytic 
chains; R, regulatory subunit of aspartate transcarbamoylase composed of two 
regulatory chains; AT-C, the mutant catalytic subunit in which 6 aspartate 
residues have been added to the C-terminus of each catalytic chain; (AT-C)2R3, 
the reconstituted mutant holoenzyme in which 6 aspartate residues have been 
added to the C-terminus of each catalytic chain; (D236A-C)2R3, reconstituted 
mutant holoenzyme with Ala substituted in place of Asp-236 in each catalytic 
chain; (D236A-C)(AT-C)R3, mutant hybrid holoenzyme in which one catalytic 
subunit has Ala substituted in place of Asp-236 in each catalytic chain and the 
other catalytic subunit has 6 aspartate residues added to the C-terminus of each 
catalytic chain; native D236A holoenzyme, the aspartate transcarbamoylase 
holoenzyme in which each of the Asp-236 residues in the catalytic chains has 
been replaced by alanine.  This enzyme was not produced by reconstitution and 
is equivalent to that previously reported 1; SAXS, small-angle X-ray scattering. A 
similar set of abbreviations is used for the holoenzyme and hybrid with the 
E239Q mutation.  
2 c or r appended to a residue number specifies the catalytic or regulatory chains 
of aspartate transcarbamoylase.  A number following the c or r, e.g., c1, r4, refers 
to a particular polypeptide chain in aspartate transcarbamoylase. 
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Introduction 
Escherichia coli aspartate transcarbamoylase (E.C.2.1.3.2) catalyzes the 
committed step of pyrimidine biosynthesis, the condensation of carbamoyl 
phosphate (CP)1 and L-aspartate to form N-carbamoyl-L-aspartate 2.  The 
enzyme shows homotropic cooperativity for the substrate L-aspartate and is 
heterotropically regulated by ATP, CTP 2 and UTP in the presence of CTP 3.  The 
enzyme from E. coli is a dodecamer composed of six catalytic chains (c) of Mr 
34,000 and six regulatory chains (r) of Mr 17,000.  The catalytic chains are 
organized as two trimeric subunits, while the regulatory chains are organized as 
three dimeric subunits.  The active sites are located at the interfaces between 
adjacent catalytic chains while the nucleotide effectors bind to the same site on 
each of the regulatory chains 4-8. 
Two functionally and structurally different states of aspartate 
transcarbamoylase have been characterized.  The low-affinity, low-activity 
conformation of the enzyme is described as the T state and the high-affinity, 
high-activity conformation of the enzyme is described as the R state.  The 
conversion from the T to the R state occurs upon aspartate binding to the 
enzyme in the presence of carbamoyl phosphate.  Structurally, the enzyme 
elongates by at least 11 Å along the 3-fold axis, the upper catalytic trimer rotates 
10° relative to the lower trimer, and the regulatory dimers rotate 15° around the 
2-fold axes 9,10.  In addition to these quaternary changes, several tertiary 
changes also occur during the T- to R-state transition.  In particular, the 80s and 
240s loops reorient.  The distinct interchain contacts of side chains of the 240s 
loop in the T and R states have been identified as being the major contributors to 
the stabilization of the T and R states 11.  
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The manifestation of homotropic cooperativity in aspartate 
transcarbamoylase results from the substrate induced transition from the T state 
to the R state.  These two alternate structural and functional states are stabilized 
by a series of interdomain and intersubunit interactions.  For example, the two 
domains of the catalytic chain are stabilized in their domain-closed R 
conformation by stabilizing interactions between Glu-50 of the carbamoyl 
phosphate domain to Arg-167 and Arg-229 of the aspartate domain (Figure 3.1).  
These interdomain bridging interactions are critical for the formation and 
stabilization of the R state of the enzyme 11.  Interactions between catalytic 
chains in different catalytic subunits play an important role in T-state stabilization.  
When the links between Glu-239c12 and both Lys-164c4 and Tyr-165c4 are 
disrupted the T state of the enzyme is no longer stable, resulting in the formation 
of a stable intermediate structural state 12.  Links between the catalytic and 
regulatory subunits are also important for T-state structural stabilization (Figure 
3.1).  For example, breaking of the link between Lys-143r1 and Asp-236c4 
results in an enzyme with full activity, enhanced affinity for aspartate, no 
cooperativity, no activation by ATP, and minimal inhibition by CTP 13,14.  These 
functional characteristics are consistent with an enzyme locked in the functional 
R state.  Here we characterize structurally the D236A holoenzyme and 
characterize both functionally and structurally a hybrid version of aspartate 
transcarbamoylase that has only three of the six possible intersubunit 
interactions between Lys-143r and Asp-236c, in order to more fully understand 
the functional role of the interactions between the catalytic and regulatory chains 
of aspartate transcarbamoylase.   
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Figure 3.1.  Important intersubunit interactions in the T and R states of aspartate 
transcarbamoylase.  Left, view of the C1 and C4 catalytic and R1 regulatory 
chains in the T (top) and R (bottom) states.  Right, stereo-view close-up of the 
intersubunit interface region in the T (top) and R (bottom) states.  The orientation 
is the same as the expanded view on the left.  In the T state, Glu-239 interacts 
with both Lys-164 and Tyr-165 (label omitted for clarity) of the opposite catalytic 
chain, while Asp-236 of the catalytic chain interacts with Lys-143 of the 
regulatory chain.  For clarity only the C4-R1 interaction is shown.  
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Results 
Formation, Purification, and Steady-state Kinetics of (D236A-C)2R3 and 
(D236A-C)(AT-C)R3  — In order to produce an aspartate transcarbamoylase with 
only three of the six Lys-143r-Asp-236c interactions, a hybrid was constructed 
that had one wild-type catalytic subunit and one catalytic subunit with Asp-236 
replaced by alanine (D236A-C).   The (D236A-C)(AT-C)R3 hybrid was formed by 
reconstitution of the holoenzyme from D236A-C, modified wild-type catalytic 
subunits (AT-C)and excess regulatory subunits (R).  The isolation of the (D236A-
C)(AT-C)R3 hybrid is made possible because the modified wild-type catalytic 
subunits have a six aspartic acid extension on the C-terminus of each of the 
catalytic chains which serves as a chromatrographic handle.  We have previously 
shown that the addition of these aspartic acid residues does not alter the kinetics 
of the catalytic trimer (AT-C) or the holoenzyme formed upon reconstitution (AT-
C)2R3 15.  Hybrid formation was verified by nondenaturing PAGE and the three 
resulting species were purified using anion-exchange chromatography (see 
Figure 3.2).  
Kinetic characterization of the (D236A-C)(AT-C)R3 and (D236A-C)2R3 
holoenzymes were performed (Figure 3.3).  As shown in Table 3.1, the 
reconstituted (D236A-C)2R3 holoenzyme exhibits kinetics similar to the native 
D236A holoenzyme 13.  The aspartate saturation curve of the (D236A-C)2R3 
holoenzyme exhibits no cooperativity with a maximal velocity of 18.1 mmol•hr-
1•mg-1 and a Km of 1.8 mM.  Under these conditions, substrate inhibition is 
observed similar to the wild-type enzyme.  The aspartate saturation curve of the 
(D236A-C)(AT-C)R3 hybrid holoenzyme exhibited slight cooperativity (nH = 1.2) 
with a maximal velocity of 21.6 mmol•hr-1•mg-1 and an [Asp]0.5 of 3.2 mM.  
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Figure 3.2.  Separation of (D236A-C)2R3, (D236A-C)(AT-C)R3 hybrid, and (AT-
C)2R3 holoenzymes by anion-exchange chromatography employing the Bio-Rad 
Source Q resin.  The anion exchange column was equilibrated using 40 mM 
KH2PO4 buffer, pH 7.0.  A linear salt gradient from 0 to 0.5 M NaCl in KH2PO4 
buffer over a period of 40 minutes was used to elute the three species off the 
column.  The three species are: (D236A-C)2R3 (lane 1), (D236A-C)(AT-C)R3 
(lane 2), (AT-C)2R3 (lane 3), and the pre-injection mixture (M).  The gel is a 6.5% 
nondenaturing PAGE. 
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Figure 3.3.  Aspartate saturation curves of (D236A-C)2R3 holoenzyme 16, 
(D236A-C)(AT-C)R3 hybrid 16, and (AT-C)2R3 holoenzyme 16. Specific activity is 
reported in millimoles of N-carbamoyl-L-aspartate formed per h per mg of protein.  
Conditions of the assays were 25˚C at saturating concentrations of carbamoyl 
phosphate (4.8 mM) in 50 mM Tris acetate buffer, pH 8.3. 
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Table 3.1. Kinetic parameters of the reconstituted wild-type and mutant 
holoenzymes at pH 8.3a. 
Enzyme Vmax [Asp]0.5 nH 
 (mmol•hr-1•mg-1) (mM) 
(AT-C)2R3 b 19.3 ± 1.8 9.6 ± 0.8 2.6 ± 0.5 
(D236A)(AT-C)R3 21.6 ± 3.4 3.2 ± 0.2 1.2 ± 0.1 
(D236A-C)2R3 20.3 ± 3.2 1.1 ± 1.1 1.0 
 
a These data were determined from the aspartate saturation curves.  Colorimetric 
assays were performed at 25˚C, in 50 mM Tris acetate buffer, pH 8.3, and at a 
saturating concentration of carbamoyl phosphate (4.8 mM). 
b  Data from Sakash et al. 15.
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     Influence of the Allosteric Effectors  — Nucleotide saturation curves with 
ATP and CTP were performed on the (AT-C)2R3, (D236A-C)2R3 and (D236A-
C)(AT-C)R3  holoenzymes at one-half the [Asp]0.5 (Figure 3.4).  This aspartate 
concentration was selected since the nucleotide effects are enhanced at low 
aspartate concentrations 17.  As was expected from the previously published 
results 13, the (D236A-C)2R3 holoenzyme was not heterotropically activated by 
ATP and only slightly heterotropically inhibited by CTP.  The heterotropic effects 
of ATP and CTP on the (AT-C)2R3 holoenzyme were very similar to those 
observed for the wild-type holoenzyme 15.  For the (D236A-C)(AT-C)R3 hybrid 
holoenzyme, the heterotropic effects were a little less than half of that observed 
for the wild-type holoenzyme (see Table 3.2).  ATP activated the hybrid 150%, 
while the residual activity in the presence of CTP was 35%.  
The Effect of PALA on the Mutant Holoenzymes  — For wild-type aspartate 
transcarbamoylase at saturating concentrations of carbamoyl phosphate and 
subsaturating concentrations of aspartate, low concentrations of the bisubstrate 
analog PALA are able to substantially activate the enzyme.  This activation is due 
to the ability of PALA to bind to a substoichiometric number of active sites and 
shift these enzyme molecules from the T to the R state.  Once the enzyme has 
been converted to the R state the active sites that do not have PALA bound have 
enhanced activity and aspartate affinity. 
As opposed to the wild-type enzyme, PALA is unable to activate the 
(D236A-C)(AT-C)R3 holoenzyme at saturating carbamoyl phosphate and low 
levels of aspartate (data not shown).  The inability of PALA to activate the  
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Table 3.2. CTP inhibition and ATP activation of the reconstituted wild-type and 
mutant holoenzymes at subsaturating aspartate at pH 8.3a 
 CTP Parameters ATP Parameters 
Enzyme Residual 
Activityb 
KCTPc Activationd KATP 
 % mM % mM 
(AT-C)2R3e 19.5 ± 1.6f 0.08 ± 0.04 503.9 ± 80.4 0.58 ± 0.17 
(D236A-C)(AT-C)R3 34.9 ± 3.0 0.15 ± 0.03 149.7 ± 9.2 0.30 ± 0.17 
(D236A-C)2R3 73.0 ± 3.0 NAg None NA 
 
a These data were determined from ATP and CTP saturation curves (Figure 3.4).  
Colorimetric assays were performed at 25˚C in 50 mM Tris acetate buffer, pH 
8.3.  ATP and CTP saturation curves were determined at saturating levels of 
carbamoyl phosphate (4.8 mM) and aspartate concentrations at one-half the 
[Asp]0.5 of the respective holoenzyme at pH 8.3. 
 b Percent residual activity is defined as 100 (ACTP/A) where ACTP is the activity in 
the presence of CTP and A is the activity in the absence of CTP. 
c K is the nucleotide concentration required to activate or inhibit the enzyme by 
50% of the maximal effect.   
d Percent activation is defined as 100 (AATP/A) where AATP is the activity in the 
presence of ATP and A is the activity in the absence of ATP. 
e Data from Sakash, et al. 15.  f Average deviation of two determinations.  g NA, not 
applicable. 
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Figure 3.4.  Influence of ATP (A) and CTP (B) on the activity of (D236A-C)2R3 
holoenzyme 16, (D236A-C)(AT-C)R3 hybrid 16, and (AT-C)2R3 holoenzyme 16.  The 
colorimetric assays were performed at 25 °C in 50 mM Tris acetate buffer, pH 
8.3.  The aspartate concentration was held constant at one-half the [Asp]0.5.  
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(D236A-C)(AT-C)R3 holoenzyme is consistent with the substantially reduced 
aspartate cooperativity of the hybrid.   
Small Angle X-ray Scattering Experiments  — In order to obtain direct 
structural data on the alterations to aspartate transcarbamoylase when the link 
between Asp-236c and Lys-143r was broken, small-angle X-ray scattering was 
employed on Beamline 4-2 at the Stanford Synchrotron Research Laboratory.   
Shown in Figure 3.5A are the X-ray scattering curves for the native D236A 
and wild-type holoenzymes.  As has been previously reported for the wild-type 
enzyme,18 the addition of PALA induces a significant alteration in the SAXS 
pattern of the unligated wild-type enzyme.  PALA induces a major increase in 
scattering intensity and a shift in both the first subsidiary maximum and minimum.  
This alteration in the SAXS pattern induced by the binding of PALA is 
characteristic of the quaternary conformational change between the T and R 
states of the wild-type enzyme.   
The SAXS pattern of the unligated native D236A holoenzyme is distinctly 
different from that of either the unligated or PALA-ligated wild-type holoenzyme.  
The SAXS pattern of the unligated native D236A holoenzyme exhibits both an 
increase in scattering intensity and shifts in both the first subsidiary maximum 
and minimum, however, these shifts are not as large as observed for the wild-
type enzyme in the presence of PALA.   
The SAXS pattern observed for the unligated native D236A holoenzyme 
could arise in two possible ways.  First, the unligated native D236A holoenzyme 
could be in a new structural state different from either the unligated or PALA-
ligated structures of the wild-type enzyme.  Second, the mutation at Asp-236 
could have altered the T to R equilibrium in such a fashion that a significant 
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Figure 3.5.  Small-angle X-ray scattering of the wild-type (thin lines) the native 
D236A (A, heavy lines) and (D236A-C)(AT-C)R3 hybrid (B, heavy lines) 
holoenzymes in the absence (open symbols) and presence (closed symbols) of 
PALA.  The X-ray scattering experiments were all performed in 50 mM Tris 
acetate buffer, 2 mM 2-mercaptoethanol at pH 8.3. 
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amount of the two structures are observed at equilibrium.  If a mixture of T and R 
states was present the SAXS pattern would correspond to a weighted average of 
the SAXS patterns of the two independent structures.  We have attempted to 
match the structure of the unligated native D236A holoenzyme using various 
mixtures of wild-type T state with wild-type R state, as well as wild-type T state 
and D236A R state.  However, these attempts have not produced a match to the 
observed pattern for the unligated native D236A holoenzyme.  Therefore, we 
believe that the unligated D236A holoenzyme is in a new structural state unlike 
either the T or R states of the wild-type enzyme.  However, we consider these 
results tentative because of the relatively high noise level in the current set of 
SAXS patterns. 
When PALA is added to the native D236A holoenzyme there is an alteration 
in the scattering pattern.  In fact, the pattern for the native D236A holoenzyme is 
very similar to that observed for the wild-type enzyme in the presence of PALA, 
suggesting that the R state of the two enzymes is very similar in quaternary 
structure.   
The SAXS pattern of the (D236A-C)(AT-C)R3 holoenzyme in the absence of 
ligands is different from the corresponding patterns of the wild-type and native 
D236A holoenzymes (see Figure 3.5B).  The pattern is shifted towards a R 
structure but not as much as the native D236A holoenzyme.  Again, in this case 
the SAXS curve for the (D236A-C)(AT-C)R3 hybrid could not be reconstructed by 
a combination of T and R states.  When PALA is added to the (D236A-C)(AT-
C)R3 holoenzyme the SAXS pattern is very similar to that observed for the wild-
type and native D236A holoenzymes in the presence of PALA, suggesting that 
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the R state of all these enzymes is very similar. These data suggest that three 
Asp-236c–Lys-143r interactions provide some T-state stabilization.   
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Discussion 
A comparison of the X-ray structures of the T and R states of aspartate 
transcarbamoylase reveal a series of interdomain and intersubunit interactions 
that appear to stabilize these two alternate functional and structural states of the 
enzyme 9 (see Figure 3.1).  Site-specific mutagenesis has been used extensively 
to investigate the functional importance of many of the interdomain and 
intersubunit interactions observed in the T and R state X-ray structures 1,11,19-22.  
Two sets of interactions have been found to be important for the stabilization of 
the T state of the enzyme.  The best characterized is the interaction between 
Glu-239c1 with both Lys-164c4 and Tyr-165c4 11,12,23.  When Glu-239c is 
replaced by Gln, the resulting enzyme exhibits full activity, no cooperativity, 
enhanced affinity for substrates, no activation by ATP and no inhibition by CTP 
11.  Based upon functional studies, the native E239Q holoenzyme is functionally 
locked in the R state.  Structural studies using SAXS have also been used to 
characterize the native E239Q holoenzyme 12.  In the absence of ligands, the 
native E239Q holoenzyme is in a new structural state inconsistent with either the 
T or R structures of the wild-type enzyme 12.  The position of the SAXS pattern 
for the E239Q holoenzyme suggests that the loss of the intersubunit interactions 
destabilizes the T state and the unligated enzyme exists in a new structural state 
between the T and R states of the wild-type enzyme.  Because the intersubunit 
interactions involving E239Q only exist in the T state of the enzyme, this 
suggests that the structural intermediate observed in the X-ray scattering of the 
E239Q holoenzyme may be a structural intermediate in the T to R transition of 
the wild-type enzyme.   This notion is supported by the fact that PALA is able to 
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convert the unligated structure of the E239A holoenzyme into a structure that is 
virtually identical to that observed with the PALA-ligated wild-type enzyme 12.   
A study utilizing a series of hybrid holoenzymes, in which one to five of the 
catalytic chains had the E239Q mutation, revealed that three of the six 
intersubunit interactions are sufficient to stabilize the enzyme in the T state, 
thereby allowing the retention of homotropic cooperativity and heterotropic 
activation and inhibition 15,24.   
Another intersubunit interaction that stabilizes the T functional state of 
aspartate transcarbamoylase is between Asp-236c1 and Lys-143r4.  The 
replacement of Asp-236 by alanine results in a mutant holoenzyme (D236A) that 
had remarkably similar properties to the E239Q holoenzyme, full activity, no 
cooperativity, enhanced affinity for substrates, no activation by ATP, and little 
inhibition by CTP 13.  In order to more fully establish the importance of the 
intersubunit interactions between Asp-236c1 and Lys-143r4 for the function of 
aspartate transcarbamoylase and to compare the loss of this catalytic-regulatory 
intersubunit interaction to the catalytic-catalytic intersubunit interaction involving 
Glu-239, we report here the characterization of a hybrid enzyme that has only 
three of the six possible catalytic-regulatory intersubunit interactions involving 
Asp-236.  In addition, the structural consequences of the replacement of Asp-236 
by alanine were also investigated in both the native D236A holoenzyme and the 
hybrid by small-angle X-ray scattering. 
In order to isolate the hybrid holoenzyme in which one catalytic subunit had 
the D236A mutation and the other had the wild-type amino acid, Asp, at position 
236, a modified version of the wild-type catalytic chain with six additional Asp 
residues appended to the C-terminal was used.  We have previously shown that 
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a holoenzyme consisting of two of these modified wild-type catalytic subunits 
(AT-C) and wild-type regulatory subunits, (AT-C)2R3 exhibited kinetic and 
structural characteristics identical to that of the corresponding wild-type 
holoenzyme lacking the Asp tail 15.  Furthermore, the additional negative charge 
on the AT-C catalytic subunits is sufficient to resolve by chromatography the 
three holoenzyme species produced by  reconstitution of AT-C and D236A-C 
catalytic subunits with wild-type regulatory subunits (R) (see Figure 3.2).  
Comparison of the (D236A-C)(AT-C)R3  hybrid holoenzyme with the wild-
type and native D236A holoenzymes revealed that the hybrid exhibits similar 
catalytic activity to both species. Although the [Asp]0.5 is diminished for the hybrid 
compared to the native D236A holoenzyme, the [Asp]0.5 of the (D236A-C)(AT-
C)R3  hybrid holoenzyme is still about 3-fold higher than the wild-type enzyme.  In 
addition, the (D236A-C)(AT-C)R3 hybrid holoenzyme exhibits slight aspartate 
cooperativity, however, the low [Asp]0.5 of the hybrid holoenzyme makes the 
accurate kinetic determination of residual cooperativity difficult. Therefore, the 
slight cooperativity observed for the (D236A-C)(AT-C)R3 hybrid indicates that 
three of the six Asp-236c–Lys-143r interactions are sufficient for stabilization of 
the T state of the enzyme.  The lower [Asp]0.5 of the hybrid and native D236A 
enzymes is most likely due to a slight alteration in the position of the critical 240s 
loop in the R state. 
As opposed to the (D236A-C)2R3 holoenzyme, the (D236A-C)(AT-C)R3  
hybrid holoenzyme was activated by ATP and inhibited by CTP, although the 
extent of the activation and inhibition were reduced compared to the wild-type 
holoenzyme.  The activation by ATP and the inhibition by CTP of the (D236A-
C)(AT-C)R3  hybrid holoenzyme indicates that three of the six Asp-236c to Lys-
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143r interactions are sufficient to restore heterotropic interactions and the ability 
of the hybrid holoenzyme to undergo a T to R transition.   
To obtain direct structural data on the conformation of the native D236A 
holoenzyme and the (D236A-C)(AT-C)R3 hybrid, small-angle X-ray scattering 
(SAXS) experiments were performed.  As a control, the SAXS curves were also 
recorded for the wild-type holoenzyme.  The native D236A holoenzyme without 
ligands exhibits a scattering pattern that is different from the T and R patterns of 
the wild-type enzyme (see Figure 3.5).  The SAXS pattern of the native D236A 
holoenzyme without ligands suggests that this enzyme is in a new structural 
state, as no combination of the wild-type T and R state patterns fit the native 
D236A holoenzyme scattering pattern, within error.  When PALA is added to the 
native D236A holoenzyme, the SAXS pattern changes and is very similar to that 
of the PALA-ligated wild-type enzyme suggesting that the R-state structures of 
the two enzymes are very similar. 
The SAXS pattern for the unligated (D236A-C)(AT-C)R3 hybrid is different 
from either the unligated wild-type or the native D236A holoenzyme.  However, 
the SAXS pattern of the hybrid is much more similar to the unligated wild-type 
than the native D236A holoenzyme, providing additional support for the 
hypothesis that three of the six Asp-236c–Lys-143r interactions provide 
significant T state stabilization to the enzyme.  Addition of PALA to the (D236A-
C)(AT-C)R3 hybrid gives a SAXS pattern very similar to the PALA-ligated wild-
type pattern, suggesting that the R states of these enzymes are virtually identical. 
We have previously investigated another set of intersubunit interactions 
between Glu-239c1 and both Lys-164c4 and Tyr-165c4.  The native D236A and 
E239Q holoenzymes as well as the hybrid holoenzymes, containing one wild-
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type and one mutant catalytic subunit, have remarkably similar properties.  For 
the unligated native E239Q holoenzyme, the SAXS pattern is very similar to that 
of the unligated native D236A holoenzyme reported here.  Furthermore, the 
kinetic characterization and the SAXS pattern of the (E239Q-C)(AT-C)R3 and 
(D236A-C)(AT-C)R3 hybrid holoenzyme are quite similar.  In both cases the 
hybrid has restored cooperativity and heterotropic interactions, and the SAXS 
patterns of the hybrids are very T like.  Both sets of data suggest that three of the 
six intersubunit interactions add significant stabilization to the T state of the 
enzyme.   
The saturation of only a small number of active sites by substrates (or 
substrate analogs) to aspartate transcarbamoylase is sufficient to induce the 
allosteric transition 25.  The binding of aspartate to enzyme previously saturated 
with carbamoyl phosphate induces the critical closure of the domains of the 
catalytic chains 26.  However, as we have previously proposed this domain 
closure in one catalytic chain cannot occur without some change in the 
quaternary structure of the enzyme due to steric interference of this domain 
closure 27.  Thus, the elongation of the enzyme is a necessary part of the 
allosteric transition of aspartate transcarbamoylase.  The elongation of the 
molecule requires the breaking of the T state intersubunit interactions involving 
both Asp-236 and Glu-239.  When the side chain of either of these residues is 
replaced by non-charged substitutes, the net results are the inability of the 
enzyme to exist in the T state and the formation of a new structural state that is 
neither T nor R.  Since the interactions involving both Glu-239 and Asp-236 are 
lost during the wild-type T to R transition, it is reasonable to speculate that the 
structures of the unligated D236A and E239Q holoenzymes are intermediates in 
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the pathway of the wild-type T to R transition.  The fact that the E239Q 
holoenzyme can be shifted to the R state with only the addition of carbamoyl 
phosphate suggests that the final conformational changes necessary to create 
the R state may be partially coupled to the major quaternary conformational 
change.  Additional SAXS experiments are currently underway to better establish 
the nature of the allosteric transition for both the wild-type and mutant versions of 
aspartate transcarbamoylase. 
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Summary 
Here we report the first use of disulfide bond formation to stabilize the R 
allosteric structure of E. coli aspartate transcarbamoylase.  In the R allosteric 
state residues in the 240s loop from two catalytic chains of different subunits are 
close together while in the T allosteric state they are far apart.  By substitution of 
Ala241 in the 240s loop of the catalytic chain with cysteine a disulfide bond was 
formed between two catalytic chains of different subunits.  The cross-linked 
enzyme did not exhibit cooperativity for aspartate, the maximal velocity was 
increased, and the concentration of aspartate required to obtain one-half the 
maximal velocity, [Asp]0.5, was reduced substantially.  Furthermore, the allosteric 
effectors ATP and CTP did not alter the activity of the cross-linked enzyme.  
When the disulfide bonds were reduced by the addition of DTT the resulting 
enzyme had kinetic parameters very similar to that observed for the wild-type 
enzyme and regained the ability to the activated by ATP and inhibited by CTP.  
Small-angle X-ray scattering was used to verify that the cross-linked enzyme was 
structurally locked in the R state and that this enzyme after reduction with DTT 
could undergo an allosteric transition similar to that of the wild-type enzyme. The 
complete abolition of homotropic and heterotropic regulation from stabilizing the 
240s loop in its closed position in the R state, which forms the catalytically 
competent active site, demonstrates the significance that the quaternary 
structural change and closure of the 240s loop has in the functional mechanism 
of aspartate transcarbamoylase. 
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Footnotes 
1 The abbreviations used are: C, catalytic chain; R, regulatory chain; DTT, 1,4-
Dithio-DL-threitol; PALA, N-(phosphonacetyl)-L-aspartate; SAXS, small-angle X-
ray scattering; C47A:A241C holoenzyme, the double mutant aspartate 
transcarbamoylase holoenzyme with Cys47 replaced by Ala and Ala241 replaced 
by Cys in each of the catalytic chains; C47A:A241C catalytic subunit, the double 
mutant aspartate transcarbamoylase catalytic subunit with Cys47 replaced by Ala 
and Ala241 replaced by Cys in each of the catalytic chains. 
2 Within the E. coli holoenzyme, the catalytic chains of the top catalytic trimer are 
numbered C1, C2 and C3, whereas the catalytic chains of the bottom catalytic 
trimer are numbered C4, C5 and C6, with C4 under C1.  The regulatory dimers 
contain chains R1-R6, R2-R5, and R3-R4.  A regulatory chain is in direct contact 
with the same numbered catalytic chain. 
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Introduction 
Escherichia coli aspartate transcarbamoylase (EC 2.1.3.2) is one of the 
best characterized allosteric enzymes, so it serves an important role in the study 
of allosteric regulation.  This enzyme catalyzes the committed step of pyrimidine 
biosynthesis, the carbamoylation of the amino group of L-aspartate by carbamoyl 
phosphate to form N-carbamoyl-L-aspartate 1.  The enzyme demonstrates 
homotropic cooperativity for the substrate L-aspartate and is heterotropically 
regulated by effectors ATP, CTP 1, and UTP in the presence of CTP 2.  Aspartate 
transcarbamoylase from E. coli is a dodecamer composed of six catalytic chains 
organized as two trimeric subunits, and six regulatory chains organized as three 
dimeric subunits.  Because aspartate transcarbamoylase is so well characterized 
and serves as a model for allosteric enzymes, it is of particular interest to 
thoroughly understand the molecular mechanism of allostery of this enzyme.     
Two different structural and functional states of aspartate 
transcarbamoylase have been characterized 3-6.  The low activity, low affinity 
conformation of the enzyme is called the T state, and the high activity, high 
affinity conformation of the enzyme is called the R state.  The conversion from 
the T to the R state occurs upon aspartate binding to the holoenzyme in the 
presence of carbamoyl phosphate, which is the source of the observed 
homotropic cooperativity. The most common method to characterize the two 
functional states of aspartate transcarbamoylase has been kinetic studies.  The 
use of site-directed mutagenesis has allowed the indirect kinetic characterization 
of the functional states.  The substitution of key amino acids involved in hydrogen 
bonds stabilizing either the T or R states 7-10, has created T or R state 
destabilized enzymes.   However, the only studies undertaken to characterize 
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each quaternary structural state by locking the enzyme in a particular state used 
a bifunctional reagent reactive towards amines, resulting in non-specific 
crosslinking 11-13. 
Here we introduce a cysteine into the catalytic chain of aspartate 
transcarbamoylase at a site that, in the R allosteric state, can form a disulfide 
bond between two 240s loops in the final closed position, and lock the enzyme in 
this state (see Figure 4.1).  The 240s loop has been previously shown to require 
saturation by substrate in order to complete its movement into the final closed 
position 14.  Under oxidizing conditions the enzyme would be locked into the R 
state allowing us to study a mutant version of the enzyme that was otherwise 
completely wild-type in composition.  Under reducing conditions, the enzyme 
would no longer be locked in the R state and would function much the same as 
the wild-type enzyme.  Hence, this study gives insight into the relative importance 
that the switch between quaternary structural states and hindrance of movement 
of the 240s loop has on the homotropic and hetrerotropic regulation of this 
enzyme.   
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Figure 4.1.  Ribbon diagram of the three-dimensional structure of the catalytic 
chains c1 and c4 of aspartate transcarbamoylase, with a model of Cys241 in the 
T state (left) and R state (right).  Cys241 is represented by ball-and-sticks.  Note 
that the disulfide bridge is modeled between the C1 and C4 Cys241 residues in 
the 240s loop in the R state.  The model was created with QUANTA (Accelrys) 
and the figure was produced with MOLSCRIPT 15. 
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Results and Discussion 
Rationale for Substitution of Ala241 with Cysteine —  Molecular modeling of 
the T and R states of aspartate transcarbamoylase (PDB ID codes 6AT1 and 
1D09 respectively) 16,17 was performed with QUANTA.  This modeling revealed 
that the distance between identical residues in the 240s loop in the C1 and C4 
chains is much closer in the R state than in the T state.  Therefore, the 240s loop 
was chosen as the location to insert a cysteine for putative disulfide bond 
formation in the R state.  Of the residues available for mutation, Asp236 and 
Glu239 were eliminated because previously studies 18,19 showed that these 
positions were important for the normal (wild-type) function of the enzyme.  
Based upon the location, similar size of alanine and cysteine, and lack of any 
known function, Ala241 was chosen as the best candidate for substitution with 
cysteine.  Molecular modeling in QUANTA of the R state showed that the 
distance between sulfur atoms in the two Cys241 residues of C1 and C4 is less 
than 3 Å (represented with a disulfide bond in Figure 4.1).  In order to ensure 
specific disulfide bond formation, the one naturally occurring Cys in the catalytic 
chain, Cys47, was replaced by Ala in the final construct (C47A:A241C). 
Reducing and Non-Reducing SDS-Page — The C47A:A241C holoenzyme 
and C47A:A241C catalytic subunit were evaluated by SDS-PAGE under both 
reducing and non-reducing conditions (Figure 4.2).  Lane 2 of Figure 2A and 2B 
shows two bands corresponding to the catalytic and regulatory chains of wild-
type aspartate transcarbamoylase, migrating at 34 and 17 kDa respectively.  
However, lane 4 (C47A:A241C holoenzyme) of the non-reducing SDS-PAGE  
(Figure 2A) has a band at 17 kDa, a faint band at 34 kDa, and a band migrating 
at approximately 65-70 kDa.  In contrast, in lane 4 (C47A:A241C holoenzyme) of  
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Figure 4.2.  Nonreducing (A) and reducing (B) SDS-PAGE of the purified 
enzymes.  Molecular weight markers (lane 1); wild-type holoenzyme (lane2); 
C47A:A241C catalytic trimer (lane 3); C47A:A241C holenzyme (lane 4). 
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the reducing SDS-PAGE (Figure 4.2B) there are two bands at 34 and 17 kDa 
and no band visible in the 65-70 kDa range.  Lane 3 (C47A:A241C-C catalytic 
trimer) in Figure 4.2A and 4.2B both show just a single band corresponding to the 
catalytic chain of aspartate transcarbamoylase, migrating at 34 kDa.  Based upon 
the difference in the migration of the catalytic chain for the C47A:A241C 
holoenzyme under non-reducing and reducing conditions, we believed that a 
disulfide bond was forming between two catalytic chains.  The identical migration 
of the catalytic chain for the C47A:A241C cataIytic subunit under non-reducing 
and reducing conditions demonstrated that the disulfide bond formation was 
between catalytic chains on opposing catalytic subunits, and not between 
catalytic chains on the same catalytic subunit. 
Steady-state kinetics — The kinetic parameters calculated from the 
aspartate saturation curves (Figure 4.3) are shown in Table 4.1.  Most 
significantly, the C47A:A241C holoenzyme, under non-reducing conditions, 
displayed a hyperbolic aspartate saturation curve.  No activation of this enzyme 
by PALA at low concentrations of aspartate verified that the C47A:A241C 
holoenzyme, under non-reducing conditions, was not cooperative towards 
aspartate (data not shown).  Under these non-reducing conditions, the 
C47A:A241C holoenzyme has a maximal observed specific activity of 25.6 
mmol•h-1•mg-1 and a Km of 2.3 mM as compared to the wild-type holoenzyme 
parameters of 17.5 mmol•h-1•mg-1, an [Asp]0.5 of 13.0 mM, and Hill coefficient of 
2.4.  
The kinetic parameters of C47A:A241C catalytic subunit were very similar 
to those of the wild-type catalytic subunit. The C47A:A241C catalytic subunit has  
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Figure 4.3.  Aspartate saturation curves of C47A:A241C holoenzyme (Δ), 
C47A:A241C holoenzyme with 10 mM DTT (), and wild-type holoenzyme ().  
The assays were performed at 25°C at saturating concentrations of carbamoyl 
phosphate (4.8 mM) in 50 mM Tris-acetate buffer, pH 8.3 or in 50 mM Tris 
acetate buffer, pH 8.3, 10 mM DTT (for reducing conditions). 
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Table 4.1. Kinetic Parameters of the wild-type and mutant forms of aspartate 
transcarbamoylasea 
Enzyme Vmax [Asp]0.5 nH 
 (mmol•h-1•mg-1) (mM)   
Wild-type 17.5 ± 0.5 13.0 ± 0.9 2.4 ± 0.2 
C47A 17.0 ± 0.5 13.5 ± 1.1 1.3 ± 0.1 
A241C 23.5 ± 1.1 3.1 ± 0.1 1b 
C47A:A241C 25.6 ± 0.9 2.3 ± 0.2 1b 
C47A:A241C 
(reducing conditions) 25.4 ± 2.3 10.8 ± 0.8 1.3 ± 0.1 
Wild-type C3 c 27.0 ± 1.5 7.5 ± 0.2 1b 
C47A:A241C C3c 28.1 ± 1.2 6.6 ± 0.2 1b 
 
a These data were determined from the aspartate saturation curves (Fig. 3).  
Colorimetric and radiometric assays were performed at 25° C in 50 mM Tris 
acetate buffer, pH 8.3 or in 50 mM Tris acetate buffer, pH 8.3, 10 mM DTT (for 
reducing conditions) and saturating levels of carbamoyl phosphate (4.8 mM).  The 
values reported are the average deviation of three determinations. 
b Experimental data exhibited no cooperativity.  Data were fit to the Michaelis-
Menten equation with an additional term for substrate inhibition.   
c C3, catalytic subunit. 
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a specific activity of 28.1 mmol•h-1•mg-1 and a Km of 6.6 mM compared with the 
wild-type catalytic subunit parameters of 27.0 mmol•h-1•mg-1 and 7.5 mM. 
Under reducing conditions the kinetic parameters of the C47A:A241C 
holoenzyme changed dramatically.  Under these reducing conditions, the 
C47A:A241C holoenzyme has a sigmoidal aspartate saturation curve with a Hill 
coefficient of 1.3, specific activity of 25.4 mmol•h-1•mg-1, and an [Asp]0.5 of 10.8 
mM.  Additional evidence that cooperativity was restored is demonstrated by the 
PALA saturation curves, which show activation by PALA, although the activation 
is only approximately one-half as much as that observed for the wild-type 
enzyme (data not shown). 
Influence of the allosteric effectors —Nucleotide saturation curves with CTP 
and ATP were determined for the wild-type and C47A:A241C holoenzymes at 
one-half the [Asp]0.5. The kinetic parameters calculated from the nucleotide 
saturation curves (Figure 4.4) are shown in Table 4.2.  This concentration of 
aspartate was selected since the nucleotides exert a larger influence on the 
activity of the enzyme as the aspartate concentration is reduced 20.  Under 
oxidizing conditions neither nucleotide caused any significant alteration in activity 
of the C47A:A241C holoenzyme.   
Nucleotide saturation curves of the C47A:A241C holoenzyme were also 
performed under reducing conditions by addition of 10 mM DTT.  For the 
C47A:A241C holoenzyme under reducing conditions, the normal effect of the 
nucleotides on the activity of the enzyme was restored.  The C47A:A241C 
holoenzyme under reducing conditions is activated by ATP approximately half as 
much as the wild-type holoenzyme and inhibited by CTP approximately half as 
much as the wild-type holoenzyme.
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Figure 4.4.  Influence of ATP (A) and CTP (B) on the activity of C47A:A241C 
holoenzyme (Δ), C47A:A241C holoenzyme with 10 mM DTT (), and wild-type 
holoenzyme ().  The assays were performed at 25°C at saturating 
concentrations of carbamoyl phosphate (4.8 mM) in 50 mM Tris-acetate buffer, 
pH 8.3 or in 50 mM Tris acetate buffer, pH 8.3, 10 mM DTT (for reducing 
conditions).  The aspartate concentration was held constant at one-half the 
[Asp]0.5.
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Table 4.2. ATP activation and CTP inhibition of the wild-type and modified forms of 
aspartate transcarbamoylasea  
ATCase     ATP (%)b KATPc  CTP (%)d KCTPc 
Wild-type    460  0.68  23  0.068 
C47A:A241C    105  ––e  92  ––e 
C47A:A241C 
(reducing conditions)    220  0.60  65  0.069 
 
a These data were determined from ATP and CTP saturation curves (Fig. 4).  
Colorimetric and radiometric assays were performed at 25° C in 50 mM Tris acetate 
buffer, pH 8.3, 10 mM DTT (for reducing conditions). ATP and CTP saturation curves 
were determined at saturating levels of carbamoyl phosphate (4.8 mM) and 
aspartate concentrations at one-half the [Asp]0.5 of the respective holoenzyme at pH 
8.3.  The values reported are the average deviation of three determinations. 
b Percent activation is defined as 100 * (AATP/A) where AATP is the activity in the 
presence of ATP and A is the activity in the absence of ATP. 
c K is the nucleotide concentration required to activate or inhibit the enzyme by 
50% of the maximal effect.    
d Percent residual activity is defined as 100 * (ACTP/A) where ACTP is the activity in 
the presence of CTP and A is the activity in the absence of CTP. 
e Could not be determined because small amount of inhibition or activation.
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Small angle X-ray scattering — Small-angle X-ray scattering was used to 
evaluate the quaternary structures of the wild-type and C47A:A241C 
holoenzymes in the absence and presence of saturating concentrations of PALA 
(Figure 4.5).  The data for the wild-type holoenzyme, shown in Figure 4.5A, 
displays the characteristic change in the scattering pattern upon addition of 
PALA, as noted by the change in the peak position and increase in relative 
intensity 21.  The scattering pattern in Figure 4.5B of the unliganded C47A:A241C 
holoenzyme displays a peak position and relative intensity nearly identical to the 
PALA-liganded wild-type holoenzyme scattering pattern.  Addition of PALA to the 
C47A:A241C holoenzyme, also shown in Figure 4.5B, causes little change to the 
scattering pattern.  Addition of 10 mM DTT to the unliganded C47A:A241C 
holoenzyme, shown in Figure 4.5C, caused a large change in the scattering 
pattern so that the peak position and relative intensity was very similar to the 
unliganded wild-type holoenzyme.  Addition of PALA to the C47A:A241C 
holoenzyme containing 10 mM DTT caused a nearly identical change to the 
scattering pattern that was observed in the addition of PALA to the wild-type 
holoenzyme.  
Conclusions — We believe that the 65-70 kDa band observed only on the 
non-reducing SDS-PAGE was a C2 catalytic chain dimer formed from two 
catalytic chains of aspartate transcarbamoylase linked together by a disulfide 
bond between Cys241 of C1 and Cys241 of C4.  The disulfide bond between 
Cys241 and Cys241 links opposing catalytic chains at the C1:C4 interface and 
locks the enzyme in an R structural state.  This is supported by our modeling of 
the T and R states of C47A:A241C holoenzyme, where the distance between  
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Figure 4.5.  Solution low-angle X-ray scattering curves for the wild-type (A), 
C47A:A241C (B), and C47A:A241C under reducing conditions (C).  For each 
enzyme curves are shown in the absence of ligands (, and thin line), and in the 
presence of 1 mM PALA (, and thick line).  The x-ray scattering experiments 
were performed in 50 mM Tris-acetate buffer, pH 8.3 or in 50 mM Tris acetate 
buffer, pH 8.3, 10 mM DTT (for reducing conditions). 
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sulfur atoms in the two Cys241 residues of C1 and C4 is less than 3 Å in the R 
state and more than 20 Å than the T state 16,22.  In addition, the small-angle X- 
ray scattering pattern under non-reducing conditions and with no ligands present 
was indicative of an R structural state.    
The aspartate saturation curves of the C47A:A241C catalytic subunit and 
holoenzyme (non-reducing conditions) are both hyperbolic and show high 
activity.  However, the [Asp]0.5 of the holoenzyme is significantly lower than the 
catalytic subunit (2.3 vs. 6.6 mM Asp. respectively).  Because cooperativity for 
aspartate returns for the C47A:A241C holoenzyme under reducing conditions, 
cooperative binding of aspartate is a function of the switch from the low-affinity T 
to high-affinity R state.  The maximal activity of the C47A:A241C holoenzyme 
was greater under non-reducing vs. reducing conditions (25.6 vs. 21 mmol•h-
1•mg-1 respectively), suggesting that the switch from the T to R state is somewhat 
rate limiting in the holoenzyme.  This is supported by work done on the wild-type 
enzyme and D236A, another enzyme with enhanced maximal activity, which 
suggested that domain closure or “compression”, the final step in the T to R 
transition, is rate limiting 23,24.  There was a significant difference in the nucleotide 
saturation curves under reducing and non-reducing conditions, corresponding to 
a wild-type like and R state enzyme respectively.  ATP caused activation and 
CTP inhibition under reducing conditions, whereas ATP and CTP had no effect 
on the non-reduced R state enzyme.  This suggests that the heterotropic 
mechanism may be a function of the perturbation of the [T]/[R] state equilibrium, 
and/or the tertiary structural position of the 240s loop, which is fixed in the closed 
position in this disulfide stabilized enzyme.  
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In this work we have been able to use disulfide bond formation as a 
means to lock aspartate transcarbamoylase in the R structural state.  This 
modified enzyme, locked in the R structural state has allowed us to directly 
correlate the structural states observed by X-ray scattering and crystallography to 
the functional states defined by the allosteric model of Monod et. al. 25.  
Crystallization and structure determine of the C47A:A241C holoenzyme is 
currently in progress in order to explore the high activity high affinity conformation 
of aspartate transcarbamylase in the absence of substrates. 
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The extreme T and R quaternary structures of the allosteric enzyme 
aspartate transcarbamoylase have been trapped by encapsulation in a silica sol-
gel matrix.  Detection of the specific quaternary structure present in the sol-gel 
was accomplished using a pyrene-labeled version of the enzyme that exhibited 
monomer fluorescence in the T quaternary structure and excimer fluorescence in 
the R quaternary structure.  Using thin-films of the encapsulated enzyme, kinetics 
of the T and R states could be determined without interconversion of the states.  
Using a monolith form of the encapsulated enzyme, the transition from the T or 
the R structure was monitored.  Within the sol-gel matrix the rate of the transition 
was slowed approximately 105 over that observed in solution. 
 
Significant structural rearrangements are necessary for the function of many 
proteins, and in particular multisubunit allosteric enzymes involved in the 
regulation of metabolic pathways. These enzymes usually exist in at least two 
structural and functional states, T and R, in equilibrium.  The T state has low 
substrate affinity and/or catalytic activity, while the R state has high substrate 
affinity and/or catalytic activity; however, the independent characterization of 
these two functional states has not been possible. Here we use a combination of 
a pyrene-labeled enzyme and encapsulation in sol-gels as a means to slow the 
interconversion of the two forms sufficiently so that either can be studied 
independently, as well as the transition between the two forms. 
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Aspartate transcarbamoylase (ATCase) from E. coli is a dodecameric 
allosteric enzyme (Mr 310,000) that utilizes six active sites to catalyzes the first 
step in the pyrimidine biosynthesis pathway, the condensation of L-aspartate and 
carbamoyl phosphate, and utilizes six control sites to regulate the flux of 
metabolites through this pathway. The end products of the pyrimidine pathway 
CTP and UTP are allosteric inhibitors1 while ATP, the end product of the parallel 
purine pathway, is an allosteric activator.1 The R-quaternary structure can be 
cooperatively induced by addition of substrates and/or substrate analogues, such 
as the bisubstrate analog N-phosphonacetyl-L-aspartate (PALA) allowing the X-
ray structures of both states to be determined to atomic resolution.2 The kinetics 
of the allosteric transition in ATCase has been studied by time-resolved stopped-
flow small-angle X-ray scattering (SAXS). The evolution from the T-quaternary 
structure to the R-quaternary structure was monitored after mixing the enzyme 
with the substrates,3 or with carbamoyl phosphate and the aspartate analogue 
succinate.4 With the experimental equipment available, complete scattering 
curves could not be collected at rates faster than every 100 msec, and cryogenic 
conditions had to be employed (temperatures between –11°C and –5°C using 
30% ethylene glycol in the buffer) because of the rapid rate of the allosteric 
transition. In order to monitor the quaternary structure change under more 
physiological conditions, we have developed a pyrene-labeled ATCase, the 
fluorescence of which is sensitive to changes in the quaternary structure of the 
enzyme.5 As seen in Figure 5.1, in the T-quaternary structure the pyrenes are far 
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Figure 5.1.  Model of the loop region of ATCase labeled with pyrene in the T and 
R states. Excimer formation is only possible in the R state.  
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apart and therefore only show monomer fluorescence (380 nm), while in the R-
quaternary structure the pyrenes are close together exhibiting excimer 
fluorescence (480 nm).  This pyrene-labeled ATCase provides a direct means to 
determine the quaternary conformation of the enzyme not only in solution but 
also in the confined matrix of a silica sol-gel. 
A silica sol-gel is a transparent glass matrix formed by the polymerization of 
a silicon alkoxide. The matrix environment provides a convenient method to trap 
biological molecules and significantly inhibit and slow quaternary conformational 
changes,6 while retaining catalytic activity by allowing the rapid transport of 
small molecules such as substrates and products.7 For hemoglobin8 and 
transferrin9, the rates of the quaternary change within the sol-gel have been 
studied.  We show the feasibility of measuring the reaction kinetics of the isolated 
T and R states, as well as measuring the kinetics of the allosteric transition on a 
much slower time scale than in solution, using pyrene-labeled ATCase in 
hydrated sol-gels. The encapsulation of ATCase was carried out by first making a 
stock solution of acidified tetramethoxysilane (TMOS), prepared by mixing TMOS 
and 0.002 M hydrochloric acid in a 1:2 ratio with vigorous stirring at room 
temperature until the solution was monophasic (5-10 minutes). For the enzyme-
doped sol-gels used in the kinetic experiments, 0.030 ml of the TMOS sol was 
mixed with 0.02 ml of a 0.015 mg/ml solution of ATCase in 50 mM Tris-acetate 
buffer, pH 8.3, in a rotating glass tube (1 cm diameter). The gel formed within 2 
min at room temperature. The 50 mM Tris-acetate buffer was sufficient to ensure 
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that the enzyme was not exposed to low pH during the polymerization. The 
resultant ATCase-doped thin film, which adhered to the inner surface of the glass 
tube, was soaked in 50 mM Tris-acetate buffer, pH 8.3, at 4° C overnight before 
use. For the enzyme-doped sol-gels used in the fluorescence experiments, 1.5 
ml of the TMOS sol was mixed with 1 ml of a 0.1 mg/ml pyrene-labeled ATCase 
in 50 mM Tris-acetate buffer, pH 8.3, in a methacrylate cuvette (1 cm path 
length). The resultant ATCase-doped sol-gel monolith was allowed to gel 
overnight at 4° C, and then soaked in 50 mM Tris-acetate buffer, pH 8.3, for 
storage before use.  
Kinetics experiments (aspartate saturation curves using the colorimetric 
method10 in 50 mM Tris-acetate buffer, pH 8.3) demonstrated that the wild-type 
and pyrene-labeled enzymes encapsulated in the thin film sol-gels retained 
catalytic activity, with a maximal activity approximately one-half that in solution 
(data not shown). However, the [Asp]0.5 was significantly reduced for both 
enzymes as compared with the saturation curves performed in solution, and the 
saturation curves were hyperbolic for both enzymes as compared with the 
sigmoidal curves observed in solution. In addition, as shown in Figure 5.2A, 
fluorescence spectra of the sol-gel monoliths demonstrated that the pyrene- 
labeled enzyme encapsulated without ligands had an emission spectra very 
similar to the enzyme encapsulated with a saturating concentration of PALA (R-
state control). This result was unexpected. An estimate of the allosteric 
equilibrium constant, L, (as defined by the Monod Wyman Changeux Model,11   
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Figure 5.2.  Fluorescence emission spectra for the sol-gel encapsulated (A), and 
unencapsulated pyrene-enzyme ATCase in solution (B). The emission curves are 
shown for the enzyme without ligands (), with a saturating concentration of 
PALA (), and with a saturating concentration of CTP (2 mM) and UTP (2 mM) 
(). All fluorescence spectra were recorded at 25° C in 50 mM Tris-acetate 
buffer, pH 8.3.  
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L = [T-state]/[R-state]) for ATCase is approximately 250,12 indicating that the T-
state is highly favored in the absence of substrates. In order to encapsulate the 
T-state quaternary structure, the heterotropic inhibitors known to stabilize the T-
state, CTP and UTP, were added at saturating concentrations (2 mM) before 
encapsulation in the sol-gel monolith to trap the T-state, and then rinsed several 
times with 50 mM Tris-acetate buffer, pH 8.3, after gelation to remove the 
residual nucleotides before use. Encapsulation of the T-state is demonstrated by 
a comparison of the fluorescence spectra of the enzyme encapsulated with CTP 
and UTP in the sol-gel (Figure 5.2A) with the enzyme in solution (Figure 5.2B), 
showing that they are identical. This indicates in the absence of ligands a mixture 
of the T and R quaternary structures are trapped in the sol-gel, with the R state 
being favored by a considerable amount. This result also explains the similar 
kinetics observed for enzyme encapsulated in the absence or presence of 
substrates and/or substrate analogs.  
Figure 5.3 shows the kinetics of the T-to-R allosteric transition in ATCase, 
initiated by addition of a saturating concentration of PALA (2 mM) to the wet sol-
gel monolith. The data in Figure 5.3 exhibit a pure first-order decay after an initial 
lag phase (0 to 30 min) for the T-to-R transition. We attribute the lag phage to 
equilibration of the PALA into the relatively thick sol-gel monolith. The first-order 
rate constant calculated from the data after the initial lag phase (0.039 min-1), 
corresponds to a half-time of approximately 18 min. The experiment was also 
performed using a 5-fold higher concentration of PALA (10 mM). No change in  
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Figure 5.3.  Time evolution of the T-to-R structural transition as observed by the 
change in the fluorescence emission spectra (peak ratio 380nm/480nm) for the 
sol-gel encapsulated pyrene-labeled ATCase after addition of a saturating 
concentration of PALA (2 mM). The fluorescence spectra were recorded at 25° C 
in 50 mM Tris-acetate buffer, pH 8.3. Inset, X-ray structures of the T and R 
structural states of ATCase holoenzyme.2 
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the rate was observed (data not shown) indicating that the process was not 
pseudo-first order, and indicating that the observed change in fluorescence was 
reflecting the structural alteration of ATCase from the T to the R quaternary 
structure within the sol-gel. There was no evidence of any structural 
intermediates between the T and R states, which agrees with previous time-
resolved SAXS experiments.3,4 This does not rule out their existence only that 
they cannot be observed by these techniques. Data were collected after the end 
of the data displayed in Figure 5.3. After 24 hours, the fluorescence 
(380nm/480nm) was 1.15 close to the value of 1.05 observed in solution for the 
pyrene-labeled enzyme saturated with PALA. The rate of the allosteric transition 
in the sol-gel matrix can be compared to the rate in solution as determined by 
fluorescence stopped-flow of the pyrene-labeled ATCase which is approximately 
105 faster under similar conditions. 
In conclusion, sol-gel encapsulation of ATCase dramatically slows the rate 
of the conversion of the enzyme from the T to the R structure. Furthermore, the 
regulatory inhibitors CTP and UTP are shown to stabilize the T quaternary 
structure of the enzyme. This technique not only yields a method of investigating 
the kinetics of the allosteric transition of ATCase, but also the kinetic 
characterization of the individual quaternary structures of the enzyme. It should 
also be possible to determine if the allosteric effectors, such as ATP and CTP, 
have regulatory effects on the isolated T and R allosteric states. 
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Summary 
A new system has been developed capable of monitoring conformational 
changes of the 240s loop of aspartate transcarbamoylase, that are tightly 
correlated with the quaternary structural transition, with high sensitivity in 
solution.  Pyrene, a fluorescent probe, was conjugated to residue 241 in the 240s 
loop of aspartate transcarbamoylase in order to monitor changes in conformation 
by fluorescence spectroscopy.  Pyrene maleimide was conjugated to a cysteine 
residue on the 240s loop of a previously constructed double catalytic chain 
mutant version of the enzyme, C47A/A241C.  The pyrene-labeled enzyme 
undergoes the normal T to R structural transition, as demonstrated by small-
angle X-ray scattering.  Like the wild-type enzyme, the pyrene-labeled enzyme 
exhibits cooperativity towards aspartate, and is activated by ATP and inhibited by 
CTP at subsaturating concentrations of aspartate.  The binding of the bisubstrate 
analogue N-(phosphonoacetyl)-L-aspartate (PALA), or the aspartate analogue 
succinate, in the presence of saturating carbamoyl phosphate (CP), to the 
pyrene-labeled enzyme caused a sigmoidal change in the fluorescence emission.  
Saturation with ATP and with CTP (in the presence of either subsaturating 
amounts of PALA or succinate and CP) caused a hyperbolic increase and 
decrease, respectively, in the fluorescence emission. The half-saturation values 
from the fluorescence saturation curves and kinetic saturation curves were, 
within error, identical. Fluorescence and small-angle X-ray scattering stopped-
flow experiments, using aspartate and carbamoyl phosphate, confirm that the 
change in excimer fluorescence and the quaternary structure change correlate. 
These results in conjunction with previous studies suggest that the allosteric 
transition involves both global and local conformational changes and that the 
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heterotropic effect of the nucleotides may be exerted through local 
conformational changes in the active site by directly influencing the conformation 
of the 240s loop.   
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Footnotes 
1 Abbreviations: c, catalytic chain; r, regulatory chain; SAXS, small-angle X-ray 
scattering; PALA, N-(phosphonoacetyl)-L-aspartate; CP, carbamoyl phosphate; 
[Asp]0.5, the aspartate concentration at half the maximal observed specific 
activity; C47A/A241C, the double mutant aspartate transcarbamoylase 
holoenzyme with Cys47 replaced by Ala and Ala241 replaced by Cys in each of 
the catalytic chains; C47A/A241C-pyrene, the double mutant labeled with pyrene; 
C47A/A241C-c, the double mutant aspartate transcarbamoylase catalytic subunit 
with Cys47 replaced by Ala and Ala241 replaced by Cys in each of the catalytic 
chains; C47A/A241C-c-pyrene, the double mutant catalytic subunit labeled with 
pyrene; 240s loop, a loop in the catalytic chain of aspartate transcarbamoylase 
comprised of residues 232-246; Fc, fluorescence coefficient 
2 Within the E. coli holoenzyme, the catalytic chains of the top catalytic trimer are 
numbered C1, C2 and C3, whereas the catalytic chains of the bottom catalytic 
trimer are numbered C4, C5 and C6, with C4 under C1.  The regulatory dimers 
contain chains R1-R6, R2-R5, and R3-R4.  A regulatory chain is in direct contact 
with the same numbered catalytic chain. 
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Introduction 
Allosteric regulation of enzymatic activity is manifested by the ability of the 
enzyme to exist in at least two different structural and functional forms 1.  
Enzymatic activity can therefore be modulated by changing the form in which the 
enzyme exists, by altering the dynamic equilibrium between multiple forms at a 
given time, or by causing more localized changes in the structure.  Allosteric 
enzymes are also characterized by the regulation of their activity by effectors that 
bind at sites remote from the active sites.  
Escherichia coli aspartate transcarbamoylase (EC 2.1.3.2) is a paradigm 
of allosteric enzymes in the study of allosteric regulation.  This enzyme catalyzes 
the committed step of pyrimidine biosynthesis, the carbamoylation of the amino 
group of L-aspartate by carbamoyl phosphate to form N-carbamoyl-L-aspartate 
and inorganic phosphate 2.  Allosteric regulation is manifested in two different 
ways; homotropic cooperativity for the substrate L-aspartate and heterotropic 
regulation by ATP, CTP 2, and UTP in the presence of CTP 3.  Aspartate 
transcarbamoylase from E. coli is a dodecamer composed of six catalytic (c)1 
chains organized as two trimeric subunits, and six regulatory (r) chains organized 
as three dimeric subunits.  The active sites are shared between catalytic chains 
on the same trimer, and the nucleotide effectors bind to the same site on each of 
the regulatory chains 4-8.    
The two different structural and functional states of aspartate 
transcarbamoylase are the low-affinity, low-activity conformation of the enzyme, 
or the T state, and the high-affinity, high-activity conformation of the enzyme, or 
the R state 9-12.  Physical studies, including sedimentation velocity 9, X-ray 
crystallography 13,14, and small-angle X-ray solution scattering (SAXS) 15,16, have 
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provided evidence of a quaternary structural change upon the binding of the 
natural substrates or substrate analogs.  In the T to R quaternary structural 
transition, the enzyme elongates by at least 11 Å along the 3-fold axis, the upper 
and lower catalytic trimers rotate 15° relative to one another, and the regulatory 
dimers rotate 15° around their respective 2-fold axes 17,18.  In addition to these 
quaternary structural changes, several tertiary changes also occur during the T to 
R state transition.  One example of a tertiary change that is of importance to this 
study is the reorientation of the 240s loop, which facilitates the domain closure in 
the catalytic chains, resulting in the formation of the high-activity high-affinity 
active sites 19.  In particular, the position of the two 240s loops at the C1-C42 
interface changes from lying sideways and apart in the T state, to a position in 
which the loops are stacked on top of one another in the R state (see Figure 6.1).  
Thus, the quaternary structural transition is tightly correlated with the 
conformational change of the 240s loop. 
In order to create a fluorescent-labeled enzyme, which could monitor the 
allosteric transition, we conjugated a fluorophore site-specifically via a Cys 
residue at position 241 of the 240s loop (Figure 6.1). Previous studies have 
shown that when Ala-241 in the wild-type enzyme is converted to Cys the 
modified enzyme has wild-type like properties 20.  The fluorophore used in this 
study, pyrene, fluoresces not only from an excited monomer state, but also from 
an excited-state dimer, or excimer; excimer fluorescence results from a specific 
interaction between the excited monomer and a ground-state monomer 21.  
Pyrene site-specifically attached to multiple sites on a protein has been utilized in 
a number of studies as a “molecular ruler” with a range of approximately 0-20 Å.  
Hence it is capable of sensitively monitoring conformational change in proteins 
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22,23.  The 240s loop was chosen as the site of attachment for pyrene because of 
the relatively large conformational change it undergoes in the T to R state 
transition 13,24.  As shown in Figure 6.1, the excimer should only form in the R 
state, thus providing a unique and specific signal for the R state.  Here we used 
the pyrene-labeled aspartate transcarbamoylase to monitor the allosteric 
transition and the movement of the 240s loop into the R state conformation, 
induced by the binding of substrates, substrate analogs and allosteric effectors.   
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Figure 6.1.  Ribbon diagram of the three-dimensional structure of the C1 and C4 
catalytic chains of aspartate transcarbamoylase, with a model of Cys241 labeled 
with pyrene, in the T state (left) and R state (right). To highlight Cys241 and 
pyrene they are represented by ball-and-sticks.  The model was created with 
QUANTA (Accelrys) and the figure was produced with MOLSCRIPT 25 and 
RASTER3D 26. 
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Results 
A Cys Residue on the 240s Loop for Covalent Attachment of a Fluorescent 
Probe — The distance between identical residues in the 240s loop in the C1 and 
C4 chains of aspartate transcarbamoylase changes significantly in the transition 
from the T to R states 13,24.  Therefore, the 240s loop was chosen as the location 
for placement of a fluorescent probe that is sensitive to conformation.  We chose 
to conjugate pyrene site-specifically to our previously constructed 240s loop 
mutant, C47A/A241C 20.  The substitution of the one naturally occurring cysteine 
in the catalytic chain, Cys47, by alanine ensured site-specific labeling.   
After labeling the C47A/A241C holoenzyme with pyrene, the degree of 
labeling as determined by mass spectrometry appeared nearly complete.  The 
molecular mass of the catalytic chain for the C47A/A241C holoenzyme, as 
determined by mass spectrometry, was 33,958 Da.  The mass spectrum for the 
C47A/A241C-pyrene holoenzyme showed a single peak for the catalytic chain, 
which had a molecular mass of 34,292 Da.  This is a difference in molecular 
mass of 342 Da, close to the molecular mass of pyrene maleimide (297.3).  The 
degree of labeling with pyrene, as determined by the amount of unreacted thiol 
using Ellman’s reagent, was 70 ± 10%.  The fluorescence emission spectrum of 
the C47A/A241C-pyrene labeled holoenzyme is shown in Figure 6.2A.   
Steady-state Kinetics of the Wild-type and Fuorophore-labeled Enzymes — 
The kinetic parameters calculated from the aspartate saturation curves shown in 
Figure 6.3A are displayed in Table 6.1.  The parameters for wild-type 
holoenzyme were a maximal activity of 17.5 mmol•h-1•mg-1, an [Asp]0.5 of 13.0 
mM, and Hill coefficient of 2.4.  The C47A/A241C-pyrene labeled holoenzyme 
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TABLE 6.1. Kinetic parameters of the wild-type and modified forms of aspartate 
transcarbamoylasea 
 Enzyme Vmax [Asp]0.5 nH 
 (mmol•h-1•mg-1) (mM) 
 
Wild-type 17.5 ± 1.5 13.0 ± 0.9 2.4 ± 0.2 
C47A/A241Cb 25.4 ± 2.3 10.8 ± 0.8 1.3 ± 0.1 
C47A/A241C-pyrene 15.8 ± 2.5 12.5 ± 0.5 1.4 ± 0.2 
a These data were determined from the aspartate saturation curves (Figure 6.3).  
Colorimetric assays were performed at 25° C in 50 mM Tris acetate buffer, pH 8.3, 
and saturating levels of carbamoyl phosphate (4.8 mM).  The values reported are 
the average deviation of three determinations. 
b The data for the C47A/A241C is reported under reducing conditions which 
prevents the cysteines from forming a disulfide bond between corresponding 
residues in the upper and lower catalytic subunits 20. 
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Figure 6.2.  A. Fluorescence emission spectra for the PALA saturation of the 
C47A/A241C-pyrene enzyme. The fluorescence spectra were recorded at 20° C 
in 50 mM Tris-acetate buffer, pH 8.3.  The emission curves are shown for the 
[PALA]:[C47A/A241C-pyrene] = 0 (), 1, 3, 6 and 15 ().  The 
[PALA]:[C47A/A241C-pyrene] = 0 spectrum is identified as having the highest 
peak at 380 nm, and lowest peak at 480 nm.  At each progressively higher value 
of the [PALA]:[C47A/A241C-pyrene] ratio, the emission peak at 380 nm 
decreases and the peak at 480 nm increases.  B. PALA saturation curve for the 
C47A/A241C-pyrene enzyme (), measured as the change in fluorescence 
coefficient (Fc).  The fluorescence spectra were recorded at 20° C in 50 mM Tris-
acetate buffer, pH 8.3.  The fluorescence coefficient is normalized to 0 for the 
molar ratio [PALA]:[C47A/A241C-pyrene] = 0.  The curve shown corresponds to 
the fit of the data to the Hill equation.  
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Figure 6.3.  A.  Aspartate saturation curves for the wild-type holoenzyme () 
and the C47A/A241C-pyrene enzyme ().  Colorimetric assays were performed 
at 25° C in 50 mM Tris-acetate buffer, pH 8.3, at saturating concentrations of 
carbamoyl phosphate (4.8 mM).  B.  Succinate saturation curve for the 
C47A/A241C-pyrene enzyme (), measured as the change in fluorescence 
coefficient.  The fluorescence spectra were recorded at 20° C in 50 mM Tris-
acetate buffer, pH 8.3, at a saturating concentration of carbamoyl phosphate (4.8 
mM).  The fluorescence coefficient is normalized to 0 for [Succinate] = 0. The 
curves shown correspond to the fit of the data to the Hill equation with additional 
term for substrate inhibition 27. 
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exhibited a sigmoidal aspartate saturation curve similar to that of the wild-type 
curve, with a maximal activity of 15.8 mmol•h-1•mg-1, an [Asp]0.5 of 12.5 mM,  and 
somewhat reduced cooperativity with a Hill coefficient of 1.4.  
Influence of the Allosteric Effectors on the Wild-type and Labeled Enzymes 
— Nucleotide saturation curves with either CTP or ATP were determined for the 
wild-type and C47A/A241C-pyrene labeled holoenzymes at one-half the [Asp]0.5, 
since the effect of the nucleotides are observed only at subsaturating 
concentrations of aspartate.  This concentration of aspartate was selected since 
the nucleotides exert a larger influence on the activity of the enzyme as the 
aspartate concentration is reduced 28.  Based upon the nucleotide saturation 
curves shown in Figure 6.4, the maximal extent of activation or inhibition at 
infinite nucleotide concentration was calculated.  The parameters obtained from 
fitting these curves are given in Table 6.2.  ATP activates and CTP inhibits the 
C47A/A241C-pyrene labeled holoenzyme.  However, the magnitude of the 
nucleotide effect is reduced both for ATP and CTP to approximately one half that 
exhibited by the wild-type holoenzyme.  Considering that the same reduction in 
the heterotropic effects of ATP and CTP was observed for the unlabeled 
C47A/A241C holoenzyme 20, it can be concluded that the reduced effects are 
due to the mutations and not to the pyrene labeling. 
Monitoring the Structural Change by Steady-state Fluorescence — In order 
to determine if the fluorescence of the C47A/A241C-pyrene labeled holoenzyme 
was sensitive to alterations in quaternary structure, steady-state fluorescence 
emission spectra were recorded in the absence and presence of PALA.  There 
was a significant change in the fluorescence emission peaks with increasing  
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Figure 6.4.  Influence of ATP (circles) and CTP (squares) on the activity (filled 
symbols) and relative fluorescence coefficient (open symbols) of the 
C47A/A241C-pyrene enzyme.  Colorimetric assays were performed at 25° C in 
50 mM Tris-acetate buffer, pH 8.3, at saturating concentrations of carbamoyl 
phosphate (4.8 mM). The aspartate concentration was held constant at half the 
[Asp]0.5.  The fluorescence spectra for the saturation of C47A/A241C-pyrene with 
nucleotides was performed at 20° C in 50 mM Tris-acetate buffer, pH 8.3, and 
the [PALA]:[C47A/A241C-pyrene] = 1. The fluorescence and activity data were 
scaled so that the maximum change at infinite nucleotide was the same. Data 
were fit to a simple Langmuir binding isotherm. 
 148 
Table 6.2. ATP activation and CTP inhibition of the wild-type and modified 
forms of aspartate transcarbamoylasea 
Enzyme ATP (%)b KATPc CTP (%)d KCTPc 
Wild-type 450 1.1 25 0.12 
C47A/A241C-pyrene 220 1.6 59 0.033 
C47A/A241C-pyrenee 150 1.3 81 0.029 
a These data were determined from ATP and CTP saturation curves (Figure 6.4).  
Colorimetric assays were performed at 25° C in 50 mM Tris acetate buffer, pH 
8.3.  ATP and CTP saturation curves were determined at saturating levels of 
carbamoyl phosphate (4.8 mM) and aspartate concentrations at one-half the 
[Asp]0.5 of the respective holoenzyme at pH 8.3. The values reported are the 
average deviation of three determinations. 
b Percent activation is defined as 100 (AATP/A) where AATP is the activity in the 
presence of ATP and A is the activity in the absence of ATP. 
c K is the nucleotide concentration required to activate or inhibit the enzyme by 
50% of the maximal effect.    
d Percent residual activity is defined as 100 (ACTP/A) where ACTP is the activity in 
the presence of CTP and A is the activity in the absence of CTP. 
e Values derived from fluorescence coefficient, Fc, measured by nucleotide 
saturation curves (Figure 6.4) of C47A/A241C-pyrene labeled holoenzyme 
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liganded with an equimolar amount of PALA at 25 °C in 50 mM Tris acetate 
buffer, pH 8.3 
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PALA concentrations (see Figure 6.2A).  The intensity of the peak at 380 nm 
decreased, concomitant with the increasing intensity of a broad peak at 
approximately 480 nm.  Shown in Figure 6.2B is a plot of the Fc of the 
C47A/A241C-pyrene labeled holoenzyme as a function of the PALA 
concentration.  The sigmoidal data were fit to the Hill equation which gave a Hill 
coefficient of 1.8.  The FC increased until a ratio of approximately six PALA 
molecules per molecule was attained.  At higher concentrations of PALA there 
was only a slight increase in the FC.  When PALA was added to the 
C47A/A241C-C-pyrene labeled catalytic subunit no change in fluorescence was 
observed (data not shown).  
The change in fluorescence emission of the C47A/A241C-pyrene labeled 
holoenzyme was measured as a function of succinate concentration in the 
presence of saturating carbamoyl phosphate (see Figure 3B).  The change in the 
FC with increasing succinate concentration was also sigmoidal with a Hill 
coefficient of 2.0.   
The change in fluorescence emission of the C47A/A241C-pyrene labeled 
holoenzyme was also measured as a function of the concentration of the 
nucleotide effectors ATP and CTP.  Saturating with ATP caused little change in 
the fluorescence emission, as the FC increased only approximately 2%.  
Saturating with CTP also caused no change in the fluorescence emission.  In 
order to observe the influence of the nucleotides on any structural alterations, 
experiments were also performed at a sub-saturating concentration of PALA or 
succinate (plus saturating carbamoyl phosphate), setting the [T]/[R] ratio close to 
one.  With either PALA or succinate, the FC increased with increasing ATP 
concentration, and decreased with increasing CTP concentration.  When the 
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fluorescence curve ([PALA]:[C47A/A241C-pyrene] = 1) from the ATP saturation 
was normalized to the ATP saturation curve (kinetic assay), the curves could be 
overlaid almost exactly (see Figure 6.4).  From the ATP saturation fluorescence 
curves for both succinate and PALA, the half-saturation values (KATP = 1.3 ± 0.6) 
were equal, but the FC values at saturating [ATP] was greater with succinate 
(85% versus 50%) than with PALA.  When the fluorescence curve 
([PALA]:[C47A/A241C-pyrene] = 1) from the CTP saturation was normalized to 
the CTP saturation curve (kinetic assay), the curves also could be overlaid 
almost exactly (see Figure 6.4). From the CTP saturation fluorescence curves for 
both succinate and PALA, the half-saturation values (KCTP = 0.029 ± 0.002) and 
the FC values at a saturating CTP concentration were equal (81%). 
Small-angle X-ray Scattering — Small-angle X-ray scattering (SAXS) was 
used to evaluate the quaternary structures of the wild-type holoenzyme and the 
C47A/A241C-pyrene holoenzyme in the absence and presence of saturating 
concentrations of PALA (see Figure 6.5).  The data for the wild-type holoenzyme, 
shown in Figure 5A, displays the characteristic change in the scattering pattern 
upon addition of PALA, as noted by the change in the peak position and increase 
in relative intensity 15 accompanying the T to R state transition.  The scattering 
patterns of the C47A/A241C-pyrene holoenzyme are shown in Figure 6.5B.  The 
unliganded C47A/A241C-pyrene labeled holoenzyme displayed the same 
characteristic change in the peak position and relative intensity of the scattering 
pattern as the wild-type holoenzyme from addition of PALA.  
Monitoring the Structural Change by Stopped-flow Fluorescence and SAXS 
— The time evolution of the change in fluorescence induced by the binding of the 
natural substrates carbamoyl phosphate and aspartate to the C47A/A241C-  
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Figure 6.5.  Solution low-angle X-ray scattering curves for the wild-type (A) and 
C47A/A241C-pyrene (B) holoenzymes.  For each enzyme (A and B), curves are 
shown in the absence of ligands (, thin line), and in the presence of 2 mM PALA 
(, thick line).  The x-ray scattering experiments were performed at 20° C in 50 
mM Tris-acetate buffer, pH 8.3. 
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Figure. 6.6.  Time evolution of the structural change after mixing with the 
substrates (final concentration after mixing; [Aspartate] = 50 mM, [Carbamoyl 
Phosphate] = 50 mM) for the wild-type holoenzyme (), as measured by 
stopped-flow SAXS, and for the C47A/A241C-pyrene holoenzyme (solid line), as 
measured by stopped-flow fluorescence. For the SAXS experiments the relative 
change is expressed as the scattering intensity integrated between the scattering 
angles (h = (2π sinφ) / λ (Å-1)) h = 0.085 and h = 0.156. The fluorescence 
intensity is the relative fluorescence intensity at 480 nm (excimer band).  The 
data from the two separate experiments were scaled to fit. Both the SAXS and 
fluorescence stopped-flow experiments were performed at approximately 5° C in 
50 mM Tris-acetate buffer, pH 8.3. Because of the difference in sensitivity, the 
enzyme concentration in the SAXS experiment was approximately 500-fold 
higher than in the fluorescence experiment. 
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pyrene labeled holoenzyme was monitored by stopped-flow fluorescence.  As 
seen in Figure 6.6, when a saturating concentration of aspartate was mixed with 
the C47A/A241C-pyrene labeled holoenzyme saturated with carbamoyl 
phosphate the fluorescence changes and then levels off.   In order to correlate 
the change in fluorescence with the quaternary structural change, stopped-flow 
SAXS was employed 29.  The relative change in the SAXS intensity, when a 
saturating concentration of aspartate was mixed with C47A/A241C-pyrene 
labeled holoenzyme saturated with carbamoyl phosphate, was very similar to that 
observed by fluorescence. The buffer and pH used for the florescence and 
stopped-flow SAXS were identical; however, the SAXS experiment required an 
enzyme concentration approximately 500-fold (35 mg/ml) higher than used for 
the fluorescence experiments.  
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Discussion 
Aspartate transcarbamoylase has two allosteric states, T and R, each 
distinct in structure and function.  The quaternary structural transition from the 
low-affinity, low-activity T state to the high-affinity, high-activity R state upon 
binding substrate analogues has been well demonstrated 9,14,24,30,31. However, 
details of the structural transition between the T and R states have been difficult 
to obtain.  In order to be able to observe the actual T to R transition in aspartate 
transcarbamoylase, as well as to monitor structural changes induced by the 
heterotropic effectors, we have developed a fluorescent-labeled version of 
aspartate transcarbamoylase that not only has kinetic characteristics similar to 
the wild-type enzyme, but also fluoresces uniquely in the R quaternary structure.    
The fluorescent-label was attached to the enzyme site-specifically in the 
240s loop of the catalytic chain of the enzyme because the 240s loops at the 
C1:C4 interface are much closer in the R state than in the T state 13,24.  For 
instance, the distance between side chains for a pair of identical residues in the 
region 236-241 at the C1:C4 interface is greater than 20 Å in the T state, while 
this distance becomes less than 10 Å in the R state.  Pyrene was selected as the 
fluorophore because it absorbs in the near UV region, and is sensitive to the 
proximity of another pyrene, as a large change in the fluorescence emission 
spectrum occurs upon excimer formation 21.  The fluorescence emission 
spectrum of pyrene is characterized by a monomeric emission peak at 380 nm, 
which decreases with concomitant increase in a broad peak at 480 nm upon 
excimer formation.  This excimer emission occurs only when two pyrenes are 
within approximately 10 Å of one another 21.  Previous fluorescence studies of 
aspartate transcarbamoylase were performed in which the Tyr240 was 
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substituted by Trp in the 240s loop; and this mutant enzyme was sensitive to the 
conformational change of the 240s loop 32,33, but the fluorescence changes were 
not directly correlated with the quaternary structural transition as determined by 
SAXS. 
We chose to substitute a Cys residue into the 240s loop for covalent 
attachment of pyrene.  However, because many of the residues in the 240s loop 
are critical for the proper allosteric regulation of this enzyme, such as Asp236 34 
and Glu239 35, and because we sought a system that closely resembled the 
kinetics of the wild-type enzyme, our choices for residues to mutate to Cys were 
limited.  Therefore, we chose as the best candidate a double mutant enzyme 
previously created in our laboratory, C47A/A241C, which was known to have 
kinetic parameters very similar to that of the wild-type enzyme 20.  Site-specific 
labeling with pyrene at Cys241 was assured as the single cysteine in the wild-
type catalytic chain, Cys47, had been replaced with Ala.  The mass spectrometry 
and the determination of unreacted thiol with Ellman’s reagent suggest that most 
of the C47A/A241C-pyrene enzyme was labeled.  
The C47A/A241C-pyrene enzyme was tested in several experiments to 
determine whether it behaved as does the wild-type enzyme.  The aspartate 
saturation curve of C47A/A241C-pyrene was sigmoidal, and the maximal velocity 
and [Asp]0.5 were close to the wild-type values (Table 6.1).  The nucleotide 
saturation curves of C47A/A241C-pyrene demonstrated activation by ATP and 
inhibition by CTP in a manner similar to that of the wild-type enzyme, albeit with 
lower activation by ATP and lower inhibition by CTP (Table 6.2).  The unliganded 
C47A/A241C-pyrene enzyme (Figure 6.5B) exhibited a SAXS pattern similar to 
that of the wild-type enzyme in the absence of ligands (Figure 6.5A).  In the 
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presence of PALA, the C47A/A241C-pyrene enzyme demonstrated the same 
shift in peak position and relative intensity as did the wild-type enzyme in the 
presence of PALA indicating that the enzyme undergoes the allosteric transition.   
Because the pyrenes on the 240s loops should be much closer in the R 
state than the T state, as shown in our model of the C1 and C4 catalytic chains 
conjugated with pyrene at Cys241 in Figure 6.1, excimer formation should only 
occur in the R state.  Excimer formation caused by the T to R state transition 
upon addition of PALA was successfully demonstrated (see Figure 6.2A).  In 
addition, as shown in Figures 2B and 3B, the increase in the FC upon saturation 
with PALA or succinate (in the presence of saturating carbamoyl phosphate) is 
sigmoidal, demonstrating the cooperative nature of PALA and succinate binding, 
analogous to the cooperative binding of the substrate aspartate.  The 
fluorescence change is complete only after six molecules of PALA per molecule 
of holoenzyme have been added, as opposed to the structural change as 
monitored by SAXS which is complete by the addition of approximately 3 PALA 
molecules per holoenzyme. These results indicate that the allosteric transition of 
aspartate transcarbamoylase is composed of linked global and local changes in 
structure.  In order for fluorescence to be observed not only does the enzyme 
have to be in the expanded quaternary structure, but also local changes in the 
240’s loop much occur.  The conformational changes associated with the binding 
of PALA have been observed by X-ray crystallography in both in the holoenzyme 
36 as well as the isolated catalytic subunit 37.  
To confirm that the change in fluorescence emission observed upon 
addition of PALA to the C47A/A241C-pyrene holoenzyme was caused by the 
quaternary structural change and closure of the 240s loops after the binding of 
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the bisubstrate analogue PALA, and not simply the binding of PALA to the active 
site, the isolated C47A/A241C-c catalytic subunit was also labeled with the 
pyrene fluorophore.  No excimer formation was observed when the C47A/A241C-
c-pyrene catalytic subunit was saturated with PALA.  In the case of the isolated 
catalytic subunit the closure of the domains of the catalytic chains is a 
requirement for the formation of the active site and catalysis.  However, the 
conformational changes that occur in the isolated catalytic subunit cannot occur 
in the holoenzyme without an expansion of the enzyme along the three-fold axis, 
since the closure of the domains and the movement of the 240’s loops is 
impossible due to steric constraints imposed by a catalytic chain in the opposite 
catalytic subunit.  
In order to correlate the quaternary structural change with the change in 
fluorescence due to the formation of the excimer in the presence of the natural 
substrates, stopped-flow SAXS was employed.  As seen in Figure 6, there is a 
close correlation between the rate of the structural changed observed by 
stopped-flow SAXS and the rate of change in the fluorescence change.  Since 
saturating concentrations of substrates were used in these experiments all of the 
enzyme active sites should be filled, as opposed to the data should in Figure 6.2 
in which the observed fluorescence was monitored as a function of substrate 
saturating.   These data support the conclusion that excimer formation directly 
reflects the alterations in quaternary structure of the enzyme.  
Due to the ordered binding of the substrates in aspartate 
transcarbamoylase, the allosteric transition is monitored as a function of the 
aspartate concentration at a saturating concentration of carbamoyl phosphate.   
The binding of aspartate requires the closure of the two domains of the catalytic 
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chain and the repositioning of the 80’s and 240’s loops resulting in the high-
activity high-affinity active site.  However, this domain closure cannot take place 
in a single active site because the movement of the domains in an upper catalytic 
chain is blocked by the corresponding domains in a lower catalytic chain 36.  
Thus, the binding of aspartate in the presence of carbamoyl phosphate induces 
the allosteric transition 36.  The results report here as well as Trp fluorescence 
experiments 32 indicate that once the quaternary structural change has occurred, 
the positions of the 240’s loops in the catalytic chains that have not bound 
aspartate must be a different conformation from the ones that have bound 
aspartate.  Thus, the allosteric transition in aspartate transcarbamoylase is 
composed of the quaternary structural change accompanied by local 
conformational changes near the active sites.  The local conformational changes 
are not induced by the quaternary structural change but rather occur on a site-by-
site basis induced by the binding of substrates to each of the high-affinity active 
sites created by the quaternary structural change.  The change in the 
fluorescence observed upon addition of PALA to the C47A/A241C-pyrene 
labeled holoenzyme suggests that the global structural change puts the enzyme 
into the R quaternary structure and primes the active sites for substrate binding.  
However, it is the binding of PALA, or aspartate in the presence of carbamoyl 
phosphate, that causes the final repositioning of the 240s loop into its 
catalytically active conformation.  These local conformational changes may 
actually occur in a transient fashion in order to allow product release after the 
reaction has taken place. 
In order to examine whether the effect exerted by the nucleotides would 
cause a change in the fluorescence emission, fluorescence spectra were 
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recorded for the C47A/A241C-pyrene holoenzyme at a saturating concentration 
of ATP or CTP.  ATP induced only a very small increase in the FC, while CTP 
induced no measurable decrease in the FC.  This agrees with structural studies 
that show that ATP and CTP do not appreciably change the quaternary structure 
of the enzyme 38.  The influence of the ATP and CTP was also examined after 
addition of a subsaturating amount of PALA or succinate, as was done in SAXS 
experiments that measured the effect of the nucleotides on the wild-type enzyme 
39,40.  In the first study, the authors observed an effect on the [T]/[R] equilibrium 
for both ATP and CTP when succinate and carbamoyl phosphate were used.  
However, they detected no effect by ATP on the [T]/[R] equilibrium when PALA 
was used.  This equilibrium shift in the case of ATP was interpreted as a 
secondary effect caused by a change in affinity for the substrate analog, 
succinate.  As demonstrated by our fluorescence data, shown in Figure 6.4, the 
FC increased in a hyperbolic manner upon saturation with ATP in the presence of 
a subsaturating concentration PALA.  In addition, when the fluorescence curve 
from the ATP saturation was normalized to the ATP saturation curve (kinetic 
assay), the curves could be overlaid almost exactly. There was a greater effect 
upon the fluorescence emission by ATP with succinate than with PALA, with an 
increase in the FC of 85%.  In addition, when the fluorescence curve from the 
CTP saturation was normalized to the CTP saturation curve (kinetic assay), the 
curves overlaid exactly (Figure 6.4).  The effect of CTP upon the fluorescence 
emission was the same with succinate and PALA. 
Because of the strong evidence, from the SAXS experiments 39,40 that the 
nucleotide ATP does not perturb the [T]/[R] equilibrium, our results suggest that 
the effect of ATP on the activity of aspartate transcarbamoylase is to cause a 
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local change in the conformation of the 240s loop in the R state.  We suggest 
that the conformational change is the closure of the 240s loops in the catalytic 
chains which do not have substrate bound to form the high-affinity, high-activity 
active site.  The effect of CTP upon activity appears to be caused by a 
perturbation of the [T]/[R] equilibrium, which both our fluorescence results and 
the SAXS experiments suggest.  Another possibility concerning the effect of CTP 
is that in addition to the structural equilibrium shift the opposite effect of ATP on 
the conformation of the 240s loops occurs, causing an opening of the 240s loops 
in the R state to decrease the number of catalytic chains with the fully formed 
active site.  Thus, the fluorescence changes observed by the addition of ATP and 
CTP are directly related to the position of the 240s loop as it either helps to 
create the active site (ATP) or prevents the active site from forming (CTP).   
The availability of the pyrene-labeled enzyme developed here provides a 
new tool for the study of aspartate transcarbamoylase and the structural changes 
that the molecule undergoes.  For example, the quaternary conformation of the 
enzyme that is trapped in silica matrix sol-gels can be directly determined 41 and 
fluorescence stopped-flow will not only allow the direct monitoring of the allosteric 
conformational change but also allow a means to directly determine how the 
regulatory nucleotides alter the rate of the allosteric transition. 
 162 
References: 
1. Monod, J., Wyman, J. & Changeux, J. P. On the Nature of Allosteric 
Transitions: A Plausible Model. J. Mol. Biol. 1965, 12, 88-118. 
2. Gerhart, J. C. & Pardee, A. B. Enzymology of control by feedback 
inhibition. J. Biol. Chem. 1962, 237, 891-896. 
3. Wild, J. R., Loughrey-Chen, S. J. & Corder, T. S. In the presence of CTP, 
UTP becomes an allosteric inhibitor of aspartate transcarbamylase. Proc. 
Natl. Acad. Sci. U.S.A. 1989, 86, 46-50. 
4. Gerhart, J. C. & Schachman, H. K. Distinct Subunits for the Regulation 
and Catalytic Activity of Aspartate Transcarbamylase. Biochemistry 1965, 
4, 1054-1062. 
5. Ladjimi, M. M., Ghellis, C., Feller, A., Cunin, R., Glansdorff, N., Pierard, A. 
& Hervé, G. Structure-function relationship in allosteric aspartate 
carbamoyltransferase from Escherichia coli: II. Involvement of the C-
terminal region of the regulatory chain in homotropic and heterotropic 
interactions. J. Mol. Biol. 1985, 186, 715-724. 
6. Changeux, J.-P., Gerhart, J. C. & Schachman, H. K. Allosteric Interactions 
in Aspartate Transcarbamoylase: Binding of Specific Ligands to the Native 
Enzyme and Isolated Subunits. Biochemistry 1968, 7, 531-538. 
7. Honzatko, R. B. & Lipscomb, W. N. Interactions of metal-nucleotide 
complexes with aspartate carbamoyltransferase in the crystalline state. 
Proc. Natl. Acad. Sci. U. S. A. 1982, 79, 7171-7174. 
 163 
8. Gouaux, J. E., Stevens, R. C. & Lipscomb, W. N. Crystal structures of 
aspartate carbamoyltransferase ligated with phosphonoacetamide, 
malonate and CTP or ATP at 2.8 Å resolution and neutral pH. 
Biochemistry 1990, 29, 7702-7715. 
9. Gerhart, J. C. & Schachman, H. K. Allosteric interactions in aspartate 
transcarbamylase II.  Evidence for different conformational states of the 
protein in the presence and absence of specific ligands. Biochemistry 
1968, 7, 538-552. 
10. Howlett, G. J., Blackburn, M. N., Compton, J. G. & Schachman, H. K. 
Allosteric regulation of aspartate transcarbamoylase.  Analysis of the 
structural and functional behavior in terms of a two-state model. 
Biochemistry 1977, 16, 5091-5099. 
11. Kantrowitz, E. R. & Lipscomb, W. N. Escherichia coli aspartate 
transcarbamylase: The relations between structure and function. Science 
1988, 241, 669-674. 
12. Schachman, H. K. Can a simple model account for the allosteric transition 
of aspartate transcarbamylase. J. Biol. Chem. 1988, 263, 18583-18586. 
13. Stevens, R. C., Gouaux, J. E. & Lipscomb, W. N. Structural consequences 
of effector binding to the T state of aspartate carbamoyltransferase: 
Crystal structures of the unligated and ATP- and CTP-complexed 
enzymes at 2.6 Å Resolution. Biochemistry 1990, 29, 7691-7701. 
 164 
14. Jin, L., Stec, B., Lipscomb, W. N. & Kantrowitz, E. R. Insights into the 
mechanism of catalysis and heterotropic regulation of E. coli aspartate 
transcarbamoylase based upon a structure of  enzyme complexed with the 
bisubstrate analog N-phosphonacetyl-L-aspartate at 2.1 Å. Proteins: 
Struct. Funct. Genet. 1999, 37, 729-742. 
15. Moody, M. F., Vachette, P. & Foote, A. M. Changes in the X-ray solution 
scattering of aspartate transcarbamylase following the allosteric transition. 
J. Mol. Biol. 1979, 133, 517-532. 
16. Tsuruta, H., Sano, T., Vachette, P., Tauc, P., Moody, M. F., Wakabayashi, 
K., Amemiya, Y., Kimura, K. & Kihara, H. Structural kinetics of the 
allosteric transition of aspartate transcarbamoylase produced by 
physiological substrates. FEBS Lett. 1990, 263, 66-68. 
17. Ke, H.-M., Lipscomb, W. N., Cho, Y. & Honzatko, R. B. Complex of N-
phosphonacetyl-L-aspartate with aspartate carbamoyltransferase: X-ray 
refinement, analysis of conformational changes and catalytic and allosteric 
mechanisms. J. Mol. Biol. 1988, 204, 725-747. 
18. Svergun, D. I., Barberato, C., Koch, M. H. J., Fetler, L. & Vachette, P. 
Large differences are observed between the crystal and solution 
quaternary structures of allosteric aspartate transcarbamylase in the R-
state. Proteins: Struct. Funct. Genet. 1997, 27, 110-117. 
19. Ladjimi, M. M. & Kantrowitz, E. R. A possible model for the concerted 
allosteric transition in Escherichia coli aspartate transcarbamylase as 
 165 
deduced from site-directed mutagenesis studies. Biochemistry 1988, 27, 
276-283. 
20. West, J. M., Tsuruta, H. & Kantrowitz, E. R. Stabilization of the R Allosteric 
Structure of E. coli Aspartate Transcarbamoylase by Disulfide Bond 
Formation. J. Biol. Chem. 2002, 277, 47300-47304. 
21. Birks, J. B. (1970). Photophysics of Aromatic Molecules, Wiley-
Interscience, London. 
22. Lehrer, S. S. Pyrene excimer fluorescence as a probe of protein 
conformational change. Subcell. Biochem. 1995, 24, 115-132. 
23. Lehrer, S. S. Intramolecular pyrene excimer fluorescence: a probe of 
proximity and protein conformational change. Methods Enzymol. 1997, 
278, 286-295. 
24. Krause, K. L., Voltz, K. W. & Lipscomb, W. N. 2.5 Å structure of aspartate 
carbamoyltransferase complexed with the bisubstrate analog N-
(phosphonacetyl)-L-aspartate. J. Mol. Biol. 1987, 193, 527-553. 
25. Kraulis, P. J. MOLSCRIPT: A Program to Produce Both Detailed and 
Schematic Plots of Protein Structures. J. Appl. Cryst. 1991, 24, 946-950. 
26. Merritt, E. A. & Bacon, D. J. Raster3D: Photorealistic Molecular Graphics. 
Methods Enzymol. 1997, 277, 505-524. 
27. Pastra-Landis, S. C., Evans, D. R. & Lipscomb, W. N. The Effect of pH on 
the Cooperative Behavior of Aspartate Transcarbamylase from 
Escherichia coli. J. Biol. Chem. 1978, 253, 4624-4630. 
 166 
28. Tauc, P., Leconte, C., Kerbiriou, D., Thiry, L. & Hervé, G. Coupling of 
homotropic and heterotropic interactions in Escherichia coli aspartate 
transcarbamylase. J. Mol. Biol. 1982, 155, 155-168. 
29. Tsuruta, H., Vachette, P. & Kantrowitz, E. R. Direct Observation of an 
Altered Quaternary Structural Transition in a Mutant Aspartate 
Transcarbamoylase. Proteins: Struct. Funct. Genet. 1998, 31, 383-390. 
30. Honzatko, R. B., Crawford, J. L., Monaco, H. L., Ladner, J. E., Edwards, 
B. F. P., Evans, D. R., Warren, S. G., Wiley, D. C., Ladner, R. C. & 
Lipscomb, W. N. Crystal and molecular structures of native and CTP-
liganded aspartate carbamoyltransferase from Escherichia coli. J. Mol. 
Biol. 1982, 160, 219-263. 
31. Ke, H.-M., Honzatko, R. B. & Lipscomb, W. N. Structure of unligated 
aspartate carbamoyltransferase of Escherichia coli at 2.6-Å resolution. 
Proc. Natl. Acad. Sci. U.S.A. 1984, 81, 4027-4040. 
32. Fetler, L., Vachette, P., Hervé, G. & Ladjimi, M. M. Unlike the Quaternary 
Structure Transition, the Tertiary Structure Change of the 240s Loop in 
Allosteric Aspartate Transcarbamylase Requires Active Site Saturation by 
Substrate for Completion. Biochemistry 1995, 34, 15654-15660. 
33. Fetler, L., Tauc, P., Herve, G., Cunin, R. & Brochon, J. C. Tryptophan 
residues at subunit interfaces used as fluorescence probes to investigate 
homotropic and heterotropic regulation of aspartate transcarbamylase. 
Biochemistry 2001, 40, 8773-8782. 
 167 
34. Newton, C. J. & Kantrowitz, E. R. The regulatory subunit of Escherichia 
coli aspartate carbamoyltransferase may influence homotropic 
cooperativity and heterotropic interactions by a direct interaction with the 
240s loop of the catalytic chain. Proc. Natl. Acad. Sci. U. S. A. 1990, 87, 
2309-2313. 
35. Hsuanyu, Y., Wedler, F. C., Middleton, S. A. & Kantrowitz, E. R. Kinetic 
Consequences of Site-Specific Mutation Glu239->Gln in E. coli Aspartate 
Transcarbamylase: Comparison with Catalytic Subunits and Phe240 
Mutant Enzyme. Biochem. Biophys. Acta 1989, 995, 54-58. 
36. Kantrowitz, E. R. & Lipscomb, W. N. Escherichia coli aspartate 
transcarbamoylase: The molecular basis for a concerted allosteric 
transition. Trends Biochem. Sci. 1990, 15, 53-59. 
37. Endrizzi, J. A., Beernink, P. T., Alber, T. & Schachman, H. K. Binding of 
bisubstrate analog promotes large structural changes in the unregulated 
catalytic trimer of aspartate transcarbamoylase: implications for allosteric 
regulation. Proc Natl Acad Sci U S A 2000, 97, 5077-5082. 
38. Stevens, R. C. & Lipscomb, W. N. A molecular mechanism for pyrimidine 
and purine nucleotide control of aspartate transcarbamoylase. Proc. Natl. 
Acad. Sci. U. S. A. 1992, 89, 5281-5285. 
39. Hervé, G., Moody, M. F., Tauc, P., Vachette, P. & Jones, P. T. Quaternary 
structure changes in aspartate transcarbamylase studied by X-ray solution 
 168 
scattering; signal transmission following effector binding. J. Mol. Biol. 
1985, 185, 189-199. 
40. Fetler, L., Tauc, P., Hervé, G., Moody, M. F. & Vachette, P. X-ray 
scattering titration of the quaternary structure transition of aspartate 
transcarbamylase with a bisubstrate analogue: influence of nucleotide 
effectors. J. Mol. Biol. 1995, 251, 243-255. 
41. West, J. M. & Kantrowitz, E. R. Trapping specific quaternary states of the 
allosteric enzyme aspartate transcarbamoylase in silica matrix sol-gels. J. 
Am. Chem. Soc. 2003, 125, 9924-9925. 
 
 
 
 
 
 
 
 169 
 
 
 
 
 
Chapter 7: Time Evolution of the Quaternary Structure of 
Escherichia coli Aspartate Transcarbamoylase upon 
Reaction with the Natural Substrates and a Slow Tight 
Binding Inhibitor 
 170 
 
 
 
 
 
 
 
 
Time Evolution of the Quaternary Structure of Escherichia coli 
Aspartate Transcarbamoylase upon Reaction with the Natural 
Substrates and a Slow Tight Binding Inhibitor 
An article published in the Journal of the Molecular Biology 
2008 
by 
Jay M. West, Jiarong Xia, Hiro Tsuruta, Wenyue Guo, Elizabeth M. O’Day and 
Evan R. Kantrowitz 
 171 
 
Abstract 
Here we present a study of the conformational changes of the quaternary 
structure of E. coli aspartate transcarbamoylase (ATCase), as monitored by time-
resolved small-angle X-ray scattering (TR-SAXS), upon combining with 
substrates, substrate analogs, and nucleotide effectors at temperatures between 
5 - 22 °C, obviating the need for ethylene glycol.  TR-SAXS time courses tracking 
the T → R structural change after mixing with substrates or substrate analogs 
appeared to be a single phase under some conditions and biphasic under other 
conditions, which we ascribe to multiple ligation states producing a time course 
composed of multiple rates.  Increasing the concentration of substrates up to a 
certain point increased the T → R transition rate, with no further increase in rate 
beyond that point.  Most strikingly after addition of PALA to the enzyme the 
transition rate was over one order of magnitude slower than with the natural 
substrates. These results on the homotropic mechanism are consistent with a 
concerted transition between structural and functional states of either low-affinity 
low-activity or high-affinity high-activity for aspartate. Addition of ATP along with 
the substrates increased the rate of the transition from the T to the R state and 
also decreased the duration of the R-state steady-state phase. Addition of CTP 
or the combination of CTP/UTP to the substrates significantly decreased the rate 
of the T → R transition and caused a shift in the enzyme population towards the 
T state even at saturating substrate concentrations. These results on the 
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heterotropic mechanism suggest a destabilization of the T state by ATP and a 
destabilization of the R state by CTP and CTP/UTP, consistent with the T and R 
state crystallographic structures of ATCase in the presence of the heterotropic 
effectors. 
 
Abbreviations used: ATCase, aspartate transcarbamoylase (EC 2.1.3.2, 
aspartate carbamoyltransferase); CA, carbamoyl aspartate; CP, carbamoyl 
phosphate; PALA, N-phosphonacetyl-L-aspartate; TR-SAXS, time-resolved 
small-angle X-ray scattering; 80’s loop, a loop in the catalytic chain of aspartate 
transcarbamoylase comprised of residues 73-88; 240’s loop, a loop in the 
catalytic chain of aspartate transcarbamoylase comprised of residues 230-245. 
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Introduction 
Aspartate transcarbamoylase (E.C.2.1.3.2, ATCase) catalyzes one of the 
first steps in pyrimidine nucleotide biosynthesis, the reaction of carbamoyl 
phosphate (CP), with L-aspartate (Asp) to form N-carbamoyl-L-aspartate and 
inorganic phosphate (Pi).1 In many prokaryotes such as Escherichia coli this 
reaction is the committed step in pyrimidine nucleotide biosynthesis. E. coli 
ATCase is composed of two types of subunits. The two larger or catalytic 
subunits are each composed of three identical polypeptide chains (Mr 34,000), 
while the three smaller or regulatory subunits are each composed of two identical 
polypeptide chains (Mr 17,000). Each of the six active sites is located at the 
interface between two adjacent catalytic chains, and side chains required for 
catalysis are recruited to the active site from both chains.2 The enzyme 
demonstrates homotropic cooperativity for the substrate Asp and is 
heterotropically regulated by the effectors ATP, CTP,3 and UTP in the presence 
of CTP.4  
The structures of the low-activity T state (in the absence of substrates)5,6 
and high-activity R state (in the presence of substrates or substrate analogues 
such as N-phosphonacetyl-L-aspartate, PALA)7-9 have been determined by X-ray 
crystallography.  A comparison of the T and R structures reveals that during the 
T → R transition, the two catalytic trimers increase their separation along the 3-
fold axis by about 11 Å and rotate about 5˚ around the same axis, while the 
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regulatory dimers rotate about 15˚ around their respective 2-fold axes.10 The 11 
Å expansion of the enzyme observed during the T → R transition is easily 
monitored by small-angle X-ray scattering (SAXS).11 Thus, the SAXS pattern is a 
sensitive and specific probe to study the quaternary conformational changes of 
the enzyme.   
By using SAXS as a structural probe in stopped-flow experiments, the 
time-evolution of the quaternary conformational changes of ATCase have been 
monitored.12,13 These studies showed that the enzyme when mixed with 
substrates is very quickly converted from the T to the R state, the enzyme 
remains in the R state until substrates are exhausted, and then the enzyme 
reverts back to the T state. These early studies required integration of the signal 
over time intervals of 100 - 200 ms and averaging over many runs to improve the 
signal to noise ratio.12,13 Because of the relatively long time window for each 
point it was necessary to slow the reaction rate, which was done by performing 
the reaction at –5° C in a buffer containing 20% ethylene glycol. 
Dreyfus et al.14 showed that a variety of alcohols such as methanol, 
ethanol, 1-propanol, 2-propanol, 1-butanol, and 2-methyl-2-propanol have a 
significant influence on the activity and homotropic cooperativity of ATCase.  For 
example, 20% methanol or ethanol reduced the activity of ATCase by 
approximately 90%.  Additional studies with 15% ethanol showed a shift in the 
pH optimum of the reaction and an alteration in the Hill coefficient.  Their 
interpretation of these solvent effects was that the cosolvent preferentially 
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stabilized the T or R state of the enzyme depending upon the relative 
concentration and polarity of the cosolvent.  For the simple alcohols, the primary 
effect was stabilization of the T state.  Although ethylene glycol was not 
investigated by Dreyfus et al.,14 one would predict that ethylene glycol with its two 
hydroxyl groups would behave similarly to methanol and ethanol.   
Here we reinvestigate the time-evolution of the quaternary conformational 
changes of ATCase in the absence of ethylene glycol. This was made possible 
by significant instrumental developments including a fast CCD X-ray detector and 
a high-flux X-ray beam via a multilayer monochromator15, with an increase in 
beam brightness due to the update of the synchrotron storage ring at Stanford 
Synchrotron Radiation Laboratory (SSRL) to SPEAR3, a third generation source.  
These improvements allowed the collection of time-resolved SAXS data at a time 
resolution as short as 5 ms. Using this system we were able to study the 
quaternary conformational changes of ATCase in the temperature range of 5-22 
°C in the absence of ethylene glycol. 
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Results 
Kinetics of the ATCase reaction in the presence of ethylene glycol 
Since previous TR-SAXS experiments were performed in the presence of 
20% ethylene glycol,12,13 and Dreyfus et al.14 showed that a variety of alcohols at 
concentrations of 20% or less can dramatically alter the catalytic turnover rate 
and cooperativity of ATCase, kinetic assays were performed in the presence of 
ethylene glycol to determine if it had any influence on the ATCase reaction. As 
shown in Figure 7.1 (a), ethylene glycol dramatically reduced the activity of 
ATCase at 5 °C. In the presence of 20% ethylene glycol the activity of the 
enzyme was reduced by 75%. In addition to reducing the activity of the enzyme, 
ethylene glycol had a small influence on homotropic cooperativity (data not 
shown). 
Ethylene glycol also has a significant influence on the ability of the 
heterotropic effectors to modulate enzyme activity.  As shown in Figure 7.1 (b) at 
5 °C the presence of 20% ethylene glycol increased the activation of the enzyme 
by ATP, while reducing the inhibition by CTP. The maximal activation by ATP 
increased from 220% to 274% in the presence of 20% ethylene glycol. The 
residual activity at a saturating concentration of CTP was 29% as compared to 
48% in the presence of ethylene glycol. The value of KATP (K is the nucleotide 
concentration required at 50% maximal activation or inhibition of the enzyme) 
increased from 0.47 mM to 0.72 mM in the presence of 20% ethylene glycol. The  
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Figure 7.1. (a) The dependence of activity of ATCase on the concentration of 
ethylene glycol. All measurements were made at 5˚ C in the presence of 50 mM 
Tris, 2 mM DTT, pH 8.3. (b) Influence of the nucleotide effectors ATP and CTP on 
the activity of ATCase in the presence and absence of 20% ethylene glycol. 
Colorimetric assays were performed at 5° C in 50 mM Tris acetate buffer (pH 8.3) 
at a subsaturating concentration of L-Asp (2.4 mM) and saturating CP 
concentration (4.8 mM), in the presence of ATP and 20% ethylene glycol (v/v) 
(), in the presence of ATP and in the absence of ethylene glycol (), in the 
presence of CTP and 20% ethylene glycol (v/v) (), in the presence of CTP and 
in the absence of ethylene glycol (v/v) (). 
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value of KCTP increased from 7.8 µM to 14.5 µM in the presence of 20% ethylene 
glycol. 
The ability of UTP to act as a synergistic inhibitor of ATCase in the 
presence of CTP4 was also tested at 5°C in the absence and presence of 20% 
ethylene glycol. In the absence of ethylene glycol the combination of 4 mM CTP 
and 4 mM UTP (CTP/UTP) yielded a residual activity of the enzyme of 22%, 
whereas in the presence of ethylene glycol the combination of CTP/UTP yielded 
a residual activity of the enzyme of 28%.  
Kinetics of the ATCase reaction at 5 °C 
Because the TR-SAXS experiments reported here were performed at 
temperatures as low as 5 °C, the kinetic properties of ATCase were fully 
characterized at 5 °C in the same buffers used for the TR-SAXS experiments 
(Figure 7.2). As shown in Table 7.1, many aspects of catalysis at 25 °C are not 
only quantitatively different at 5 °C, but in some cases qualitatively different.  As 
would be expected, the maximal observed velocity was reduced by nearly 5-fold. 
This reduction in velocity was accompanied by an almost 3-fold decrease in the 
concentration of Asp required for half-maximal activity ([Asp]0.5), and a decease 
in the Hill coefficient (nH) from 2.6 to 2.0.  The observed changes in [Asp]0.5 and 
nH are similar to the changes observed when Asp saturating curves are 
determined in the presence of ATP, suggesting that, like ATP, lower 
temperatures shift the equilibrium towards the R state.  This phenomenon was  
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Figure 7.2. L-Asp saturation kinetics in the absence and presence of the 
nucleotide effectors at (a) 5° C and (b) 25 °C.  Reactions were carried out in 50 
mM Tris buffer, pH 8.3.  The kinetic curves were determined in the presence of 5 
mM ATP (Δ), 4 mM CTP (), 4 mM UTP (), 4 mM CTP and 4mM UTP () as 
compared to the saturation kinetics in the absence of nucleotide (). Specific 
activity is reported in units of mmoles of carbamoyl aspartate formed per mg per 
hr. 
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Table 7.1. Kinetic parameters of ATCase with nucleotide effectors at 25 and 5 °C 
Conditionsa Vmax b [Asp]0.5 c 
25 °C 
nH d Vmax b [Asp]0.5 c 
5 °C 
nHd 
No NTPs 19.1 ± 0.3 12.7 2.6 ± 0.2 4.2 ± 0.5 5.1 2.0 ± 0.1 
5mM ATP 19.8 ± 0.7 6.1 1.4 ± 0.1 5.4 ± 0.2 2.9 1.6 ± 0.2 
4mM CTP 17.9 ± 0.9 21.2 2.4 ± 0.1 3.6 ± 0.2 11.3 3.0± 0.1 
4mM UTP 18.4 ± 0.2 13.5 2.3 ± 0.1 4.1 ± 0.6 5.9 2.2 ± 0.1 
4mM 
CTP/UTP 
17.3 ± 0.4 28.6 2.9 ± 0.1 3.0 ± 0.4 12.5 3.0 ± 0.1 
a All experiments were performed in 50 mM Tris-acetate buffer (pH 8.3) at a 
saturating CP concentration (4.8 mM) 
b The maximal observed velocity (mmol•h-1•mg-1 ) 
c The observed concentration of L-Asp (mM) which produces one-half the 
observed maximal velocity 
d Hill coefficient 
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demonstrated in a previous SAXS study by the shift in the structural equilibrium 
of the mutant D236A enzyme in the direction of the R state with decreasing 
temperature.16  At 5 ˚C the [Asp]0.5 decreased nearly 2-fold in the presence of 
ATP; increased 20% in the presence of UTP; increased over 2-fold in the 
presence of CTP; and increased by a factor of 2.5  in the presence of CTP/UTP. 
A similar trend was also observed at 25 ˚C. The [Asp]0.5 decreased over 2-fold in 
the presence of ATP; increased 10% in the presence of UTP; increased nearly 2-
fold in the presence of CTP; and increased by 2.3-fold in the presence of 
CTP/UTP. 
The kinetic data at 5 °C was plotted as v/Vmax vs. [Asp] as shown in Figure 
3 and fitted by the theoretical curve of 
€ 
Y Asp (fraction of active sites occupied by 
Asp) vs. αKR(Asp), which is derived from the equations of the theoretical two-state 
allosteric transition model proposed by Monod et al.17,18 
 
€ 
Y Asp= α(1+α)
n−1 + L'αcAsp (1+αcAsp )n−1
(1+α)n + L'(1+αcAsp )n
 
where α = [Asp] / KR(Asp), L’ is the allosteric equilibrium constant in the presence 
of saturating CP, and cAsp = KR(Asp) / KT(Asp).  KT(Asp)  and KR(Asp) are the 
dissociation constants of Asp for the T and R allosteric states, respectively.  A 
value of L’ = 10 was obtained from the static SAXS data shown in Figure 4, 
according to the methods of Tsuruta et al.13 The starting point  
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Figure 7.3. L-Asp saturation kinetics at 5° C fitted by a theoretical curve 
calculated from a modified Monod et al. equation and using parameters listed in 
the text.  Reactions were carried out in 50 mM Tris buffer, pH 8.3.   
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Figure 7.4. Steady-state SAXS patterns of ATCase without ligands (), with 
50mM CP  (), and with 5mM PALA ().  The allosteric equilibrium constant was 
calculated from these curves as L’ = 10. 
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used for KR(Asp)  was the [Asp]0.5 = 5.1 mM value obtained from the kinetic data.  
After obtaining a suitable fit for the data the values of KR(Asp) = 3.5 ± 0.5 mM and 
KT(Asp) = 40 ± 10 mM were derived. 
Time-Resolved X-ray Scattering: Effect of substrates and substrate 
analogues 
TR-SAXS was used to monitor the quaternary conformational changes 
that ATCase undergoes when the enzyme is mixed with substrates.  Using the 
high beam flux obtained by the multilayer monochromator and fast CCD detector 
at SSRL, practical time resolution of the TR-SAXS data collection was improved 
from 100 - 200 ms19 to as low as 5 ms in a single mixing event.  However, the 
rate constants for the T → R transition presented here were obtained from 19 ms 
collection rate data, because at this rate the signal to noise ratio was significantly 
better and fast enough to record much of the transition. This improvement in 
detection allowed reactions to be monitored in the temperature range between 5 
°C and 22 °C, rather than at –5 °C as previously reported.19 
Shown in Figure 5 (a) are a series of SAXS patterns recorded upon mixing 
1.5 mM ATCase (in active sites) plus 50 mM CP in one syringe with 100 mM Asp 
plus 50 mM CP in the second syringe at 5 °C.  Immediately after mixing the 
enzyme concentration was 0.75 mM in active sites (37.5 mg/ml), while the CP 
and Asp concentrations were each 50 mM.  The SAXS patterns shown in Figure  
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Figure 7.5. (a) A time series of SAXS patterns of 0.75 mM ATCase (in active 
sites) mixed with 50 mM substrates (CP and L-Asp), and 50 mM CP plus 50 mM 
D-Asp as a T state control, at 5 °C.  The SAXS patterns of the enzyme with the 
substrates are shown for 38 ms (), 380 ms (), and 3800 ms () after mixing.  
The SAXS pattern of the enzyme with CP and D-asp is shown for 3800 ms (Δ, 
short dashed curve) after mixing.  The long dashed curve () is calculated for an 
L = 0.5, from the sum of 0.33 x (T state curve) and 0.67 x (R state curve).  (b) 
Time-courses of the quaternary structure change after mixing with substrates 
(solid line) and 50 mM CP plus 50 mM D-Asp (short dashed line), as monitored 
by the scattering intensity integrated over the s-range 0.085-0.152 Å-1.  Inset: 
First 300 ms of the structural change after mixing with substrates shown along 
with the curve fit (two exponential) to the data. 
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5 (a) are at 38 ms, 380 ms, and 3800 ms. The scattering pattern at 38 ms does 
not correspond to either the T or R states as the enzyme population is in the 
process of undergoing the quaternary conformational change. The pattern at 380 
ms is essentially identical to the curve of the enzyme in the presence of PALA (R 
state), while the curve at 3800 ms is essentially the same as that observed in the 
presence of D-Asp and CP (T state). To determine if the curve at 38 ms 
corresponded to the formation of a transient intermediate on the pathway 
between the T and R states, a curve was generated from a sum of fractions of 
the T (33%) and R (67%) state curves corresponding to a value of L = 0.5.13 This 
generated curve is a near match to the X-ray scattering curve recorded at t = 38 
ms after mixing the enzyme with substrates. 
In order to help visualize the time course of structural change, the area 
under the curves between s = 0.085 Å-1 and s = 0.152 Å-1 was integrated and 
plotted as a function of time. This integration converts observed scattering 
intensity to relative concentration of the enzyme species on the basis that 
solution scattering intensity reflects relative concentration of each species 
linearly, in the absence of oligomeric state changes.  Figure 5 (b) shows the time-
dependent change in the integrated intensity of the SAXS pattern for this 
experiment. At t ≅ 5 - 10 ms, (t = 0 as shown on the plot. The dead time of the 
stopped-flow mixer is approximately 5 - 10 ms) the enzyme population is nearly a 
equal mixture of T and R state molecules. Between t = 100 ms and t = 1500 
ms95% of the enzyme population is in the R-state as the enzyme catalyzes the 
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reaction converting Asp and CP into carbamoyl aspartate and Pi.  After t = 1500 
ms the enzyme population is returning to the T state as the substrates are 
depleted, and after 3000 ms virtually the entire enzyme population is back in the 
T state. At 5 ºC the turnover rate at maximal velocity of the holoenzyme is 350 ± 
40 s-1.  At a substrate concentration of 50 mM and an active site concentration of 
0.75 mM the substrate:holoenzyme ratio is 400, so it should take 1 - 1.3 seconds 
to consume the substrate.  The R-state plateau, defined here as the region of 
>95% of the peak amplitude of the integrated scattering curve, has a total 
duration of 1.4 seconds, which demonstrates that enzyme quickly reverts to the T 
state after depleting the substrates.  
When ATCase is mixed with D-Asp and CP, (final concentrations 0.75 mM 
active sites, [D-Asp] = [CP] = 50 mM) the TR-SAXS curve showed virtually no 
change (see Figures 5 and 6).  The use of D-Asp thus provides a control for the 
L-Asp experiments with a compound with equal scattering potential or electron 
density, and as a control for the T-state scattering curve as previously 
described.19 The integrated intensity at the end of experiment when L-Asp and 
CP are mixed was practically identical to that observed when D-Asp and CP are 
mixed with enzyme.  Because the TR-SAXS curve returns to the level observed 
in the presence of D-Asp and CP, it is clear that virtually the entire enzyme 
population has reverted back to the T state after the substrates have been 
depleted.  
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Figure 7.6. Time-course of the quaternary structure change of 0.75 mM ATCase 
(in active sites) as monitored by the scattering intensity integrated over the s-
range 0.085-0.152 Å-1. The final substrate or substrate analog concentrations 
after mixing were [CP] = [L-Asp] = 50 mM  (), [CP] = 50 mM and [PALA] = 5 
mM (), and [CP] = [D-Asp] = 50 mM ().  Data displayed are from a 36 ms 
collection rate. Inset: First 1000 ms of the structural change after mixing with 
substrates or substrate analogs.  Data displayed are from a 19 ms collection rate. 
 190 
The initial time-course of the structural change after combining the 
enzyme with substrates or substrate analogs appeared to fit to either a single or 
double exponential depending upon the experimental conditions.  Therefore each 
set of data was fit to both exponential fits and the number of rate constants 
(represented as kT→R(1) for the first or fast phase and kT→R(2) for the second or 
slow phase, where applicable) reported reflects which fit was superior.  As 
demonstrated by the rate constant data for the quaternary structural change in 
Table 2, increasing the substrate concentration from 25 mM to 50 mM and 
doubling the enzyme concentration increased the rate of the fast phase of the 
transition from 18.3 s-1 to 51 s-1. In this experiment it was necessary to use a 
lower enzyme concentration at the lower substrate concentration in order to 
observe the full T to R conversion of the enzyme population before significant 
depletion of the substrates. Lowering the enzyme concentration by one half, to 
18 mg/ml, and half again to, 9 mg/ml, while keeping the substrate concentration 
at 50 mM did not change the rate of the fast or slow phase, within error, of the T 
→ R transition (data not shown).  Therefore an enzyme concentration of 37.5 
mg/ml was used for all experiments, with the previous exception, for a superior 
signal to noise ratio for the scattering data.  Increasing the substrate 
concentration further to 100 mM while maintaining the same enzyme 
concentration (37.5 mg/ml) did not change the rate of transition for the fast or 
slow phases, as might be expected since this concentration was much higher 
than the [Asp]0.5 value of 5.1 mM. 
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Table 7.2. Kinetic parameters for the T to R allosteric transition of ATCase  
Conditionsa  kT→R1b (s-1) kT→R2c (s-1) 
25 mM substratesd 18.3 ± 0.6  
50 mM substrates 51 ± 4 7.6 ± 1 
100 mM substrates 51 ± 5 6.3 ± 0.9 
50 mM substrates + 5 mM ATP 89 ± 20 7.9 ± 1 
50 mM substrates + 4 mM UTP 52 ± 8 14.8 ± 1.8 
50 mM substrates + 4 mM CTP 12 ± 0.3  
50 mM substrates + 4 mM CTP / 4 mM UTP 10.3 ± 0.3  
50 mM succinate + 50 mM CP 38 ± 1  
5 mM PALA + 50 mM CP 1.53 ± 0.19 0.31 ± 0.05 
a These experiments were performed at 5 ºC in 50 mM Tris acetate buffer (pH 
8.3), final enzyme concentration of 37.5 mg/ml after mixing, equal concentrations 
of substrates ([L-Asp] = [CP]) unless otherwise stated, and data points recorded 
at 19ms intervals 
b Rate constant of fast phase or first phase of two-exponential fit 
c Rate constant of slow phase or second phase of two-exponential fit, where 
applicable 
d Final enzyme concentration used was 18.75 mg/ml because at this low 
substrate concentration (and a relatively high enzyme concentration) the 
substrates were exhausted before the enzyme fully attained the R state  
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In order to establish the value for the integrated intensity and scattering 
pattern of the R-state structure of ATCase in a TR-SAXS experiment, PALA was 
mixed with enzyme and CP (final concentrations 0.75 mM active sites, 5 mM 
PALA, 50 mM CP).  As seen in Figure 6, the integrated intensity observed 
immediately after mixing was shifted towards the R-state value.  The rate 
constants for the fast and slow phases after mixing with PALA were both more 
than an order of magnitude slower than the corresponding T → R transition rate 
constants observed in the presence of a saturating concentration of the natural 
substrates, L-Asp and CP.  The single fast phase rate constant for the structural 
change with 50 mM succinate and 50 mM CP was 38 s-1, similar to the rate of the 
fast phase with the natural substrates at a saturating concentration.  
Effect of Nucleotides 
The time-course of the quaternary structural change in the presence of 
ATP is shown in Figure 7 and is similar to that observed in the absence of 
nucleotides. However, in the presence of ATP, the duration that the enzyme 
remains in the R-state plateau is shorter than in the absence of nucleotides and 
the kT→R(1) increased from 51 s-1 to 89 s-1.  The time-course of the structural 
change for ATCase in the presence of the nucleotide inhibitors are shown in 
Figure 8. The rate of T → R transition in the presence CTP and CTP/UTP 
decreased significantly, to 12 s-1 and 10.3 s-1 respectively. The integrated 
scattering intensity of the R-state plateau in the presence of CTP and CTP/UTP  
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Figure 7.7. Time evolution of the quaternary structure change of 0.75 mM 
ATCase (in active sites) as monitored by the scattering intensity integrated over 
the s-range 0.085-0.152 Å-1 after mixing with 50 mM substrates (Asp and CP) 
and without nucleotides () and with [ATP] = 5 mM (). Inset: First 300 ms of the 
structural change after mixing with substrates shown along with the curve fits 
(two exponential) to the data.   
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Figure 7.8. Time evolution of the quaternary structure change of 0.75 mM 
ATCase (in active sites) as monitored by the scattering intensity integrated over 
the s-range 0.085-0.152 Å-1 after mixing with 50 mM substrates (Asp and CP) 
and without nucleotides (), with [CTP] = 4 mM (◊), with [UTP] = 4 mM (, 
dashed curve), and with [CTP] = [UTP] = 4 mM (, dashed curve).  Inset: First 
500ms of the structural change shown after mixing with substrates along with the 
curve fits to the data for without nucleotides (,two exponential) and with CTP 
and UTP (, one exponential).   
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is lower than that observed in the absence of nucleotides, and the duration of the 
plateau in the presence of CTP and CTP/UTP is much shorter than in the 
absence of nucleotides.  
The results with UTP alone were unexpected. The rate of the fast phase of 
the T → R transition in the presence of UTP was identical to that in the absence 
of nucleotides. The integrated scattering intensity of the R-state plateau in the 
presence of UTP is also the same as in the absence of nucleotides. However, 
the duration of the R-state plateau phase in the presence of UTP is only half of 
that observed in the absence of nucleotides, suggesting a slight destabilization of 
the R state by UTP. 
Determination of the Activation Energy of ATCase  
The kinetics of the quaternary structural change were observed at a series 
of temperatures between 5 °C and 22 °C in order to calculate the activation 
energy of the quaternary conformational changes of ATCase both from the T to 
the R state and from the R to the T state.  Unfortunately, above 10 °C the T → R 
transition rate is so fast that our instrumentation was unable to follow it.  
However, the rate constants for the R0 → T0 (unliganded states) transition after 
the substrates were exhausted were obtained by fitting the lower half of the 
return phase to a single exponential fit.  The rate constants for the R0 → T0 
transition (kR→T) at 5, 10, 16, and 22 ˚C were 2.08 ± 0.03, 3.7 ± 0.1, 5.1 ± 0.1, 
and 8.3 ± 0.1 s-1 respectively.  An Arhennius plot of these data is shown in Figure  
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Figure 7.9. Arrhenius plot of the temperature dependence of the R → T 
transition.  The rate constants for the R to T transition (kR→T) at 5, 10, 16, and 22 
˚C were 2.08 ± 0.03, 3.7 ± 0.1, 5.1 ± 0.1, and 8.3 ± 0.1 s-1, respectively. 
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9, which yielded an activation energy for the R0 → T0 transition of 13.0 ± 0.4 
kcal/mol. 
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Discussion 
TR-SAXS experiments investigating the time-evolution of the quaternary 
structural change of ATCase induced by the binding of the natural substrates CP 
and L-Asp were performed here in the absence of ethylene glycol.  In previous 
studies19 20% ethylene glycol was added to all solutions to allow the experiment 
to be performed at –5 °C.  Here we demonstrate that ethylene glycol dramatically 
alters the homotropic and heterotropic kinetics of the enzyme, as is the case with 
many other alcohols.14 Therefore these new studies were important not only in 
monitoring the quaternary structural change at temperatures closer to 
physiological, but also because ethylene glycol was eliminated from the reaction. 
In order to better correlate the time-resolved structural results reported 
here at 5 °C to the functional characteristics of ATCase at this temperature, a 
complete kinetic characterization of the enzyme was performed at 5 °C.  As 
would be expected, the maximal velocity of the enzyme at 5 °C in the absence 
and presence of the nucleotide effectors was reduced nearly five-fold as 
compared to the maximal velocity at 25 °C.  The [Asp]0.5 at 5°C in the absence of 
nucleotides was also reduced nearly 3-fold, with a concomitant reduction in the 
cooperativity for Asp (see Table 1).  Similarly in the presence of nucleotides at 
5°C, the [Asp]0.5 was reduced but with no change in cooperativity, except when 
CTP was present, where the cooperativity increased.  The results of these kinetic 
experiments suggest that the structural results obtained from the TR-SAXS 
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experiments performed at 5 °C should strongly correlate with the structure and 
function of the enzyme at higher temperatures.  
In agreement with previous results,19 when ATCase is mixed with its 
natural substrates, CP and L-Asp, there is a rapid structural transition of the 
enzyme from the T to the R state.  The preponderance of the enzyme population 
remains in the R state as the enzyme reacts with the substrates, and then reverts 
to the T state when the substrates are exhausted (see Figure 5 (b)).  This clearly 
demonstrates that the allosteric transition is not the rate-limiting step in catalysis, 
as has been previously suggested.20 Therefore, under conditions of saturating 
substrates the enzyme remains in the R-quaternary structure until the substrates 
are essentially exhausted and then reverts to the T-quaternary structure. 
As shown in the inset to Figure 5 (b), the T → R structural transition upon 
addition of the natural substrates to the enzyme appears to be a biphasic 
exponential process, with a fast and slow phase.  In this particular case the fast 
phase accounts for approximately 75% of the total amplitude of the curve, 
representing the change in integrated intensity between the mixture of T and R 
states at the first recorded time point and R state at the curve plateau.  
Considering the evidence against the formation of a structural intermediate as 
demonstrated in Figure 5 (a), along with the structural transition being a single-
phase exponential process in the presence of allosteric inhibitors, as shown in 
Figure 8, we determined that the curve monitoring the structural change may 
represent a composite of T-state species with different ligation states, each with 
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its own particular rate of transition to the R state, as has been previously 
suggested in studies of the rate of the structural change in aspartate 
transcarbamoylase.13,21  In the case of the allosteric protein hemoglobin, it is well 
documented that not only different ligation states but also configurational 
isomers, or asymmetric ligation states, exhibit a wide range of structural 
transition rates that originate from different activation energies for the structural 
change.22,23  When all the CP binding sites of T-state ATCase are saturated, as 
they are under our experimental conditions, there are thirteen possible species or 
ligation states with aspartate bound in the six binding sites when taking into 
account the T-state interactions between the C1 and C4 chains on opposing 
catalytic trimers.  Therefore the two rates we observe are the composites of up to 
thirteen or more individual rates for the T → R transition when accounting for 
these configurational isomers.  The observed rate of the T → R transition 
increases about 3-fold when doubling the aspartate concentration from 25 mM, a 
concentration well in excess of the KR(Asp) value of 3.5 ± 0.5 mM, to 50 mM, while 
also doubling the enzyme concentration.  Therefore, we are confident that the 
structural transition is triggered by aspartate binding to the T state, and is not a 
simple shift in the preexisting equilibrium between the T and R states towards the 
R state caused by aspartate binding only to that state and “locking” it into that 
state.  If the structural transition were simply a population shift to the R state, 
then the rate would not change or change very little when increasing the 
aspartate concentration from 25 mM to 50 mM as both concentrations are well in 
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excess of KR(Asp) . This can be accounted for using a kinetic version of the two-
state model, which would suggest 14 individual rates for the allosteric transition, 
defining the T to R equilibrium constants at the 7 ligation states.24 In order to 
approximate the average number of aspartate molecules bound to the T state 
during the structural transition, we used the equation derived for the two-state 
allosteric model of Monod et al., simplified by assuming a saturating 
concentration of CP in the manner previously described to fit our aspartate 
saturation data at 5 ºC.17,18 After obtaining a reasonable fit of the data and 
extracting the appropriate parameters, we obtained a KT(Asp) value of 40 ± 10 mM.  
With an active site concentration of 0.75 mM and an aspartate concentration of 
25 mM an average of 33 - 46% of the active sites are ligated with aspartate (2 - 
2.5 per holoenzyme).  Similarly, at an aspartate concentration of 50 mM an 
average of 50 - 67% of the active sites are ligated with aspartate (3 - 4 per 
holoenzyme) and at an aspartate concentration of 100 mM an average of 67 - 
77% of the active sites are ligated with aspartate (4 - 4.6 per holoenzyme).  
These observations compare favorably with the previous SAXS studies of Fetler 
et al.25 that two PALA molecules per ATCase holoenzyme molecule are 
necessary to shift the T to R equilibrium in favor of the R state, and four PALA 
molecules are necessary to shift the entire enzyme population to the R state.  
Macol et al.26 demonstrated that the binding of one PALA molecule could shift the 
entire holoenzyme population to the R state, however, the holoenzyme was 
comprised of five chains with the R105A mutation.  In either case the enzyme 
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clearly does not need to be saturated with substrate analogs or presumably 
substrates, in order to shift the equilibrium towards the R state.  Our findings 
suggest that the faster observed rate is the composite of rates of the structural 
transition for the highly liganded species, with three or more active sites filled.  
Likewise, the slower observed rate may be the composite of structural transition 
rates of the least liganded species, with two or fewer active sites filled.  At an 
aspartate concentration of 25 mM we observe only one exponential fit to the 
data, which according to our model would be the composites of rates of the least 
liganded species along with the rates of the highly liganded species containing 
three or more aspartate present as a small fraction of the mixed population.  
Increasing the aspartate concentration from 50 mM to 100 mM yielded identical 
rates for both observed phases, suggesting that once three or more aspartate 
molecules are bound to the holoenzyme the rate for the structural transition is 
near a maximum, or that highly liganded T-state molecules bound with four or 
more aspartate are present as only a small fraction of the population even at high 
aspartate concentrations.  Further evidence for this model is provided by 
comparison of the ratio of the fast phase amplitude to the slow phase amplitude 
at 50 mM aspartate and 100 mM aspartate concentrations; at the higher 
aspartate concentration the ratio is higher, suggesting a shift in population 
towards the highly liganded molecules. 
There are some substantial qualitative differences between these TR-
SAXS results and the data obtained previously in the presence of ethylene 
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glycol,19 such as the time-course of the TR-SAXS pattern of the enzyme in the 
presence of ATP, shown in Figure 7.  We observed that the R-state plateau 
region in the presence of ATP, during which most of the substrates are being 
converted to products, is shorter than in the absence of ATP. This was not 
unexpected since ATP, an activator of the enzyme, at 5 ºC increased the Vmax 
value from 4.2 mmol•h-1•mg-1 to 5.4 mmol•h-1•mg-1 (Table 1) and also the 
apparent binding affinity of L-Asp, as the [Asp]0.5 value decreased from 5.1 mM to 
2.9 mM.  However, in the presence of 20% ethylene glycol, a longer R-state 
plateau was observed in the presence of ATP than in its absence.19 To explain 
this it was proposed that ATP, in addition to being an activator may possibly 
become an inhibitor by “increasing the chance of making L-Asp bind to the active 
site before Pi leaves and locking the active site into an unproductive cycle with no 
alteration of the quaternary structure”.19 In that experiment the activity of enzyme 
was dramatically reduced not only by the presence of 20% ethylene glycol, which 
as demonstrated in Figure 1(a) reduces the activity by 75%, but also by 
performing the TR-SAXS at –5 ºC.  The similar phenomenon of “substrate 
inhibition” has been observed for the isolated catalytic subunit and for the 
incomplete complexes C6R4 and C3R6, as well as for the holoenzyme C6R6,27-29 
where a high aspartate concentration ostensibly acts as an inhibitor by binding to 
the CP binding site.  
As detailed in Table 2, ATP increased the rate of the T → R transition, 
specifically the rate of the fast phase, by approximately 75%. It should be noted 
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that in the presence of ATP the allosteric transition is so rapid that with the 
current instrumentation the experimental error is somewhat large.  As discussed 
previously, saturating the enzyme with aspartate beyond a concentration of 50 
mM did not increase the rate of the structural transition.  Therefore one possible 
interpretation is that ATP increases the on rate of aspartate to the T state,20 
suggesting that aspartate binding is a rate-limiting step in the allosteric transition.  
However, a more elegant explanation, which is in accord with the data from the 
inhibitors CTP and CTP/UTP and numerous studies on the effects of the 
heterotropic nucleotides,30-32 can be derived using some aspects of the two-state 
model of Monod et al.17,18 At pH 7.0 Howlett et al.17,31 observed that ATP 
increases the stability of the R state relative to the T state by 0.8 kcal and 
reduces the T to R equilibrium constant from 250 to 7 in the absence of 
substrates.  The R to T transition rate with ATP was reduced by only 
approximately 15% (Figure 7), suggesting a slight stabilization of the R state, so 
therefore the large increase in the T → R rate would suggest a significant T state 
destabilization by ATP.  Here the two-state model suggests that ATP binds more 
tightly to the R state and therefore shifts the structural equilibrium in favor of the 
R state.17,31  However, our observation of  a possibly different mechanism for 
ATP was suggested by the crystal structures of the T and R states of the enzyme 
in the presence of ATP;  the T state structure showed a slight shift towards the R 
state with ATP present,5 whereas globally the R state structure was unchanged 
in the presence of ATP.33 It should be noted that under these conditions with ATP 
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the Vmax did increase even though the structural state at saturating substrate 
levels appears to be the same R state as with no ATP present, with the caveat 
that the Vmax value is difficult to obtain precisely from steady-state kinetics curves 
which exhibit substrate inhibition.  This suggests that the previously observed 
increase in the Asp to CA exchange rate with ATP may influence the catalytic 
mechanism to a modest degree.20 However our time-resolved structural study 
indicates that perturbation of T to R equilibrium specifically via T-state 
destabilization may be the most significant mechanism of ATP activation of 
ATCase. 
The time-courses of the quaternary structural change in the presence of 
CTP or CTP/UTP are similar in the presence and absence of ethylene glycol (see 
Figure 8).  For both cases, in the presence of CTP or CTP/UTP the duration of 
the R-state shifted plateau is shorter and the integrated intensity of the plateau is 
lower than in the absence of nucleotides, and the observed return to the T-state 
quaternary structure is a slow exponential decline as the remaining substrates 
are consumed as the enzyme population shifts towards the T state.  The 
integrated intensity of the peak with CTP present and with CTP/UTP present was 
approximately 80% and 75% respectively of that when no nucleotides were 
present, indicative that the percent of high-activity R-state molecules at a 
saturating substrate concentration was reduced to a likewise value.  This is in 
excellent agreement with the enzymatic kinetic data, in which the Vmax was, 
within error, reduced by the same amount as the integrated scattering peak in the 
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presence of CTP and CTP/UTP as compared to when no nucleotides were 
present.  These allosteric inhibitors also reduced the rate of the structural 
transition by over 4-fold.  Similar to the condition when no nucleotides were 
present and the substrate concentration was 25 mM, the initial time-course of the 
structural change fits to a single exponential. This suggests that the least 
liganded species have a rate that is so reduced that we do not observe them 
before the shortened plateau starts its reversion towards the T state, or that the 
R → T rate for these species is nearly equal to the T → R transition rate.  As with 
the case of ATP, our experimental observations are not in complete agreement 
with some of the tenets of the two-state model; the much reduced T → R 
transition rate suggests the nucleotide inhibitors stabilize the T state, and the 
incomplete conversion of the enzyme population to the R state at a saturating 
substrate concentration and shift in equilibrium towards the T state long before 
the substrates are exhausted caused by the collective R → T rates becoming 
greater than the T → R rates suggest that they destabilize the R state.  Using the 
two-state model as a theoretical framework, Howlett et al.17,31 observed that CTP 
increases the stability of the T state relative to the R state by 0.9 kcal and 
increases the T to R equilibrium constant from 250 to 1250 in the absence of 
substrates.  In addition, the two-state model suggests that CTP (and UTP) exert 
their influence by binding more tightly to the T state and shifting the structural 
equilibrium in favor of the T state.  However, again as with ATP our observations 
are somewhat at variance with this model, but are supported by the crystal 
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structures of the T and R states of the enzyme in the presence of CTP; the T 
state structure globally was unchanged in the presence of CTP,5 and R state 
structure was shifted slightly in the direction of the T state with CTP present.33 
In the case of UTP, by itself it had no influence on the kinetics of the 
enzyme with the exception of raising the [Asp]0.5 slightly.  It also had no influence 
on the kinetics of the T → R transition, except for increasing the rate of the slow 
phase for reasons that are unclear.  However, UTP did have a noticeable effect 
on the length of time the enzyme spent in the R-state plateau region, causing the 
enzyme population to begin reverting to the T state before the substrates were 
exhausted.  This indicates that UTP may slightly destabilize the R state, but 
otherwise does not have an appreciable effect on the allosteric behavior of 
ATCase under these conditions. 
The activation energy of the R → T transition was determined by fitting the 
bottom half of the return curve, after the enzyme had exhausted the substrates, 
to a single exponential rate, as opposed to the upper half of the curve where 
presumably not all enzyme molecules have completely exhausted the substrate 
bound to the active sites.  By fitting the bottom half of the return curve mainly the 
rate of R0 → T0 should be observed, which is supported by the very low error in 
the kR→T values obtained.  As shown in Figure 9, the EaR→T was calculated to be 
13.0 ± 1.4 kcal/mol from the slope of the Arrhenius plot.  At temperatures above 
10 °C the T → R rate was so rapid that the data could not give rates with a 
reasonable error.  Moreover these rates are composites of the multiple species 
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with different ligation states, making interpretation of a single activation energy 
value problematic.  However by making some assumptions, an approximate 
value for the T → R activation energy was derived for the unliganded T and R 
states.  Assuming that the respective transition states in both the T → R 
transition and R → T transition are the same, and the free energy difference 
between the T and R states is 3.3 kcal/mol,17,31 then the activation energy for the 
T → R transition should be in the range of 15–18 kcal/mol.  The charged-charged 
hydrogen bonds between Glu239 and Lys164 and non-charged hydrogen bonds 
between Glu239 and Tyr165 are critical for the stabilization of both the T and R 
state conformations of the enzyme, which are interchain in the T state and 
intrachain in the R state.7 Sakash et al.34 showed that three of the six stabilizing 
interactions between catalytic chains on opposing subunits involving Glu239 are 
sufficient to stabilize the enzyme in the T state conformation. Thus at least three 
of the hydrogen bonds involving Glu239 must be broken during the allosteric 
transition. Considering a typical charged-charged hydrogen bond energy is 
approximately 4 kcal/mol and a non-charged hydrogen bond energy is 
approximately 0.5 - 1.5 kcal/mol,35,36 the minimal energy required for the 
allosteric transition of the enzyme is 13.5 - 16.5 kcal/mol. The results reported 
here are consistent with these calculations. 
The rate of the allosteric transition was also measured when ATCase is 
mixed with two substrate analogs; succinate, an aspartate analog that promotes 
the T → R state transition when combined with CP, and PALA, a bisubstrate 
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analog that binds at nanomolar affinity and also causes the T → R state 
transition.  The structural transition rate with succinate and CP at a concentration 
of 50 mM each was slightly lower than the rate with the natural substrates at 
equivalent concentration and was observed to be a single exponential process.  
This may be because succinate binds approximately one order of magnitude 
more tightly than aspartate17,37,38 and therefore the bulk of the T state molecules 
should be highly liganded during the transition to the R state.  However the 
structural transition rate with PALA was over one order of magnitude slower than 
with the natural substrates.  The kinetics of the interaction of PALA with the 
isolated catalytic subunit at pH 7.0 and 25 °C has been studied using stopped 
flow kinetics and 31P saturation transfer NMR by Cohen and Schachman.39 They 
observed a rapid binding of PALA followed by a much slower isomerization of the 
complex with a forward rate constant of 0.18 s-1, similar to the rate constant of 
the slow phase we observed by TR-SAXS of 0.31 s-1.  However, the catalytic 
subunit by itself does not undergo a T → R transition so it is unclear whether the 
similarity of these values implies a similar mechanism between the change in the 
tertiary structure following PALA binding to the catalytic subunit and change in 
quaternary structure following PALA binding to the holoenzyme.  The rate 
constant data and integrated scattering intensity presented here were obtained 
after mixing PALA with enzyme premixed with CP, to be consistent with the other 
experimental conditions.  In addition experiments were performed where PALA 
was mixed with only the enzyme and the rate constants for the T → R transition 
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were essentially identical (data not shown), which suggests the slow allosteric 
transition after PALA binding is not caused by having to displace CP from the 
active site.  Because PALA combines elements of both substrates into one 
covalently linked bisubstrate analog, when the CP moiety of PALA initially binds 
the aspartate moiety may not be able to bind well to the aspartate binding site 
with the domains open, as they are in the T state.  Subsequently the enzyme 
may undergo a slow conformational change in order for the aspartate moiety to 
bind tightly and then complete the T → R structural conversion.  In this regard 
PALA appears to fit in the category of a slow tight-binding inhibitor.40 However 
the phenomenon of PALA being a very tight binding bisubstrate analog that 
causes an initial conformational change followed by a much slower 
conformational change needs further investigation to be better understood. 
In summary, our data showed ethylene glycol had a profound influence on 
the kinetics and behavior of ATCase, so therefore the time-evolution of the 
allosteric transition of ATCase was reinvestigated in the absence of ethylene 
glycol by SAXS revealing several important new insights.  Experimentally, these 
studies demonstrate that SAXS is now capable of monitoring relatively rapid 
structural changes at temperatures approaching physiological. The allosteric 
transition is not the rate-limiting step in ATCase catalysis, and the rate of 
allosteric transition is increased with increasing substrate concentration up to 50 
mM.  ATP appears to destabilize the T state and have little effect on the R state. 
CTP and the combination of CTP/UTP appear to destabilize the R state and 
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stabilize the T state.  PALA causes a very slow conformational change as 
compared to the natural substrates.  In the future, novel TR-SAXS experiments 
could be performed with hybrid ATCase molecules that bind one, two, three, four, 
or five aspartate molecules to determine the individual rate constants and 
activation energies for each one of these species. Such studies will be facilitated 
by further instrumental upgrades that are being made to improve time-resolution.  
We believe we have begun to arrive at a clear understanding of the allosteric 
mechanism of ATCase, and further studies into its dynamic behavior utilizing 
such time-resolved techniques as employed here will be invaluable in this. 
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Abstract 
Several mutant versions of the allosteric enzyme E. coli aspartate 
transcarbamoylase, all containing substitutions of critical amino acid residues 
within the active site, were characterized by steady-state small-angle x-ray 
scattering, to monitor the quaternary structural changes at equilibrium, and time-
resolved small-angle x-ray scattering, to monitor the structural changes in real 
time, after addition of substrates and substrate analogs. Two mutant enzymes, 
H134A and R167Q, remained in the T state after addition of a saturating 
concentration of the bisubstrate analog N-phosphonacetyl-L-aspartate (PALA), 
and two others, R229A and Q231L, were shifted only partly towards the R state. 
The S52A, K84A, Q231L and R296A enzymes exhibited a shift towards the R 
state after addition of the natural substrates, however, all had much slower T → 
R transition rates than the wild-type enzyme.  Most strikingly the T → R transition 
rate for these mutant enzymes after addition of PALA was unchanged as 
compared to the wild-type enzyme. These results indicate that the loss of a 
single interaction in the binding site is not enough to eliminate the ability of the 
enzyme to undergo the T to R transition, unless the residue making that 
interaction is also involved in an interdomain R-state stabilizing salt link or forms 
hydrogen bonds with other active site residues.  In addition, the results suggest 
different pathways for the allosteric transition after the binding of PALA as 
compared to the natural substrates, and how substrate binding influences the 
homotropic mechanism of the allosteric transition.  
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Abbreviations used: ATCase, aspartate transcarbamoylase; CP, carbamoyl 
phosphate; PALA, N-phosphonacetyl-L-aspartate; TR-SAXS, time-resolved 
small-angle X-ray scattering; 80’s loop, a loop in the catalytic chain of aspartate 
transcarbamoylase comprised of residues 73-88.  
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Introduction 
Escherichia coli aspartate transcarbamoylase (E.C.2.1.3.2, ATCase) is an 
allosteric enzyme that has been extensively studied for over half a century 1. 
Because the biology and biochemistry for this enzyme is so well understood it is 
an excellent model allosteric enzyme for biophysical studies.  This enzyme 
catalyzes the committed step in pyrimidine nucleotide biosynthesis, the reaction 
of carbamoyl phosphate 2 with L-aspartate 3 to form N-carbamoyl-L-aspartate and 
inorganic phosphate 4.  The allosteric regulation of ATCase is manifest in two 
ways; homotropically by the binding of the substrate L-aspartate; and 
heterotropically by the binding of the nucleotides ATP, CTP 5, and UTP in the 
presence of CTP 6.  
These two regulatory mechanisms use different binding sites on different 
polypeptide chains, the substrates binding to the catalytic chains (Mr 34,000) that 
associate into trimers, and the nucleotides binding to the regulatory chains (Mr 
17,000) that associate into dimers 7,8.  These subunits associate into a 
holoenzyme composed of two catalytic trimers, which are catalytically active and 
exhibit hyperbolic kinetics by themselves, and three regulatory dimers in order for 
allosteric regulation to take place.  Homotropic allosteric regulation of the 
holoenzyme is made possible by the switching between two distinct quaternary 
structures; the low-affinity low-activity T state, which is predominant when no 
substrates are present, and the high-affinity high-activity R state, which is 
predominant when substrates are at saturating concentrations 9,10. 
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Numerous structures of the low-activity T state 11-14 and high-activity R state 
11,15,16 have been determined by X-ray crystallography and show the structure of 
these individual states at atomic resolution. The quaternary structural change 
between the T and R states is dramatic; the two catalytic trimers increase their 
separation along the 3-fold axis by about 11 Å and rotate about 15˚ around the 
same axis, while the regulatory dimers rotate about 15˚ around their respective 2-
fold axes 17. This large expansion of the enzyme during the T to R transition can 
be observed not only through X-ray crystallography but also by small-angle X-ray 
scattering (SAXS) 18. The quaternary structural change of an enzyme solution, 
after mixing with substrates or analogs, when monitored via SAXS can be 
recorded in a time-resolved fashion using a stopped-flow mixer 19. 
Manifold residues within ATCase have been mutated, and the effects on 
the biochemistry and structure of the enzyme from these mutations have been 
examined 20. The crystallographic structures, combined with kinetic data obtained 
from site-directed mutagenesis studies, along with data from experimental 
techniques such as kinetic isotope effects, have produced a fairly clear picture of 
the kinetic mechanism and the order of the steps in the reaction between CP and 
Asp to form N-carbamoyl-L-aspartate and Pi 15,21-23.  However, by contrast the 
mechanism by which the binding of substrates induces the T to R transition and 
the free energy changes involved in the pathway from T to the R state and the 
reverse conformational change from the R to the T state are not well understood.  
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By combining site-directed mutagenesis, SAXS, and time-resolved SAXS 
(TR-SAXS) using a stopped-flow mixer, we have investigated the contribution of 
individual interactions, from both the carbamoyl phosphate binding domain and 
aspartate binding domain in the active site, on the quaternary conformational 
state of ATCase.  
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Results and Discussion 
SAXS has been utilized to characterize the effect of substrates, substrate 
analogs, nucleotide effectors, or mutations on ATCase 18. SAXS can show small 
perturbations in the equilibrium between the T and R allosteric states, and is a 
direct structural method of measuring the allosteric equilibrium constant between 
the two states 24. At the protein concentrations needed for x-ray scattering, it is 
not possible to perform measurements at equilibrium with the substrates because 
of the rapid rate at which they are consumed. We used a stopped-flow rapid 
mixer to initiate the enzyme reaction and recorded the x-ray scattering with 
millisecond resolution for several seconds to monitor the kinetics of the 
quaternary structure change from one allosteric state to the other, and to 
visualize the time-course and steady-state equilibrium states, after addition of the 
substrates.  This experimental method has been previously utilized to follow the 
allosteric transition of ATCase in real time 25-27, and the data quality and time 
resolution of this method has improved dramatically of late 28.   
Here we conducted a series of comprehensive studies of the effect of 
mutations at active site residues on the allosteric transition of the enzyme, or 
more specifically whether these mutations would inhibit the T → R state transition 
or change its rate, with the allosteric transition being a benchmark of homotropic 
cooperativity.  The choice of the mutant versions of ATCase selected for this 
study was based upon previous site-directed mutagenesis studies, and X-ray 
crystallographic results including the structures of the enzyme in the presence of 
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CP (TCP) 14, in the presence of the CP analog phosphonoacetamide 29 (TPAM) 11, 
in the presence of PAM and the aspartate analog malonate (RPM) 11, in the 
presence of PALA (RPALA) 15, and in the presence of PAM and aspartate (RPA) 30. 
The interactions for the active site residues used in these studies are listed in 
Table 8.1.  Residues 1-145 and 292-310 of the catalytic chain make up the CP 
binding domain, and the residues Ser52, Lys84, His134, Gln137, and Arg296 all 
make close contacts with CP in the active site.  Residues 146-291 of the catalytic 
chain make up the aspartate binding domain, and the residues Arg167, Arg229, 
and Gln231 all make close contacts with aspartate in the active site. Mutation of 
these residues listed above, as detailed in Table 8.2, resulted in at least a 30-fold 
reduction in activity as compared to the wild-type enzyme, with the exception of 
the K84A enzyme, and in most cases a reduction in the binding affinity for CP or 
aspartate or both. 
Shown in Figure 8.1 is the active site of ATCase in the presence of PAM 
and aspartate 30. In this structure PAM replaces CP, however the interactions 
between the enzyme and PAM are similar to interactions between the enzyme 
and CP observed in other structures 14,40,41.  Ser52 and His134 form hydrogen 
bond interactions with the carbonyl oxygen of CP.  Lys84, which is positioned 
into the R-state active site from a neighboring catalytic chain, forms interactions 
with both an oxygen of the phosphate group of CP and an oxygen of the b-
carboxylate of Asp. The residues Arg167, Arg229, and Gln231 all form hydrogen 
bond interactions with carboxylate oxygens of Asp. 
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Table 8.1. Interactions in crystal structures and observed SAXS patterns for the 
ATCase holoenzymes. 
Mutant Interactions  
w/ Substratesa 
Structure w/ 
Interactionb 
Intraprotein 
Interactions 
in R Statec 
SAXS 
pattern w/ 
PALAd 
WT NA  NA R state 
S52A CP; OP3 
 
TCP, RPM, RPALA - R state 
 
K84A CP; OP1 
Asp; O3, O4 
 
RPM, RPALA  
RPALA 
- R state 
H134A CP; O1 TCP, RPM, RPALA Q137, R105 T state 
Q137A *CP; N1 
 
TCP, RPM H134, E141 R state 
R167Q Asp; O2, O3 
 
RPM, RPALA E50, G130 T state 
R229A Asp; O4, O5 
 
RPM, RPALA Q231, E233 20% R state 
Q231L Asp; O5 RPM, RPALA R229  31% R state 
R296A CP; O5 R236_PAM T136e, Q137e R state 
a The interactions and notations for the atoms in the substrate molecules CP 
(below, left) and Asp (below, right) were derived from their corresponding atoms 
where appropriate found in the substrate analogs PAM (CP analog), Malonate 
(Asp analog), and PALA (bisubstrate analog) and are as follows: 
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b The X-ray crystallographic structure(s) of wild-type (except where noted) 
ATCase in which the hydrogen bond interactions listed in the “Interactions 
w/Substrates” column are found.  The abbreviations for the structures are as 
follows with their PDB codes: TCP (1ZA2) is the structure with CP, RPM (8AT1) is 
the structure with PAM and Malonate, RPALA (1D09) is the structure with PALA, 
and R236_PAM  (2A0F), is the structure of the mutant enzyme D236A with PAM. 
c Hydrogen bond interactions found in the RPALA structure with the exception of 
Arg296.  
d Steady-state SAXS patterns obtained in Tris acetate buffer (pH 8.3) and 2 mM 
PALA. 
e Hydrogen bond interactions found in the R236_PAM structure.  
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Table 8.2. Enzyme kinetic parameters for the ATCase holoenzymesa 
 
Mutant Vmaxb [Asp]0.5c [CP]0.5c nHd Reference 
WT 17.2 11.8 0.29 2.2 31 
S52A 0.026 64.7 4.6 1.0 32 
K84A 2.1 96 2.7 1.8 33 
H134A 0.5 120 NR 2.0 34 
Q137A 0.4 900 42 1.0 35 
R167Q 0.019 9.5 0.38 1.0 36 
R229A 0.012 24 0.28 2.1 37 
Q231L 0.011 216 0.11 1.0 36 
R296Ae 0.1 2.6 NA 1.0 38 
a Kinetic assays were performed at 25 ºC in 50 mM Tris acetate buffer, pH 8.3. 
b Maximal observed specific activity (µmol/h/ µg of protein) 
c Concentration of substrate (mM) required to produce half-maximal observed 
specific activity. 
d Hill coefficient estimated from aspartate saturation kinetics. 
e Kinetic assays were performed at 30 ºC in 100 mM MOPS buffer, pH 7.0. 
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Figure 8.1. Stereoview of the active site of the D236A enzyme in the presence of 
the CP analog PAM and aspartate. This figure was drawn with POVScript 39. 
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 Steady-state small-angle x-ray scattering 
 
The scattering patterns of the unligated mutant enzymes S52A, K84A, 
H134A, R167Q, and R229A are shifted somewhat towards the R state as 
compared to the unligated wild-type enzyme, suggesting that these mutations 
induce varying degrees of destabilization of the T state (Figures 8.2 and 8.3). 
Very large shifts in the scattering pattern of unliganded mutant enzymes towards 
the R state, and hence a shift in the T to R equilibrium towards the R state, have 
previously been observed for the D236A and E239Q enzymes 42,43. The 
explanation for this phenomenon with the D236A and E239Q enzymes was clear; 
the mutations had removed residues that participate in C1-R4 and C1-C4 
interchain T-state stabilizing salt links, respectively, and hence had destabilized 
the T state.  Examination of the unliganded T-state crystallographic structure 
shows that the side chains of Ser52, Arg167, and Arg229 form intrachain 
hydrogen bond interactions with the side chains and backbone atoms of other 
residues, and therefore the loss of these interactions suggests an explanation for 
the destabilization of the T state and shift in equilibrium towards the R state 14. 
However no intrachain or interchain hydrogen bond interactions are observed for 
the side chain of Lys84 in the T state structure, although this residue lies in the 
flexible 80s loop, which has weak electron density in some crystal structures 14,16. 
Moreover Gln231 forms many intrachain hydrogen bonds in the T-state structure, 
and yet its unliganded scattering pattern is essentially identical to the wild-type 
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Figure 8.2. Steady state SAXS patterns of ATCase enzymes without ligands 
(thin line, thin dashed line for wild-type enzyme) and with 2 mM PALA (thick line, 
thick dashed line for wild-type enzyme).  (a) S52A enzyme, (b) K84A enzyme, 
and (c) H134A enzyme. The curves for H134A were obtained from averaging the 
final 5 frames of time-resolved SAXS data (t = 17.89 seconds to t = 18.25 
seconds) after addition of 50 mM CP and 50 mM D-Asp (thin line) and 50 mM CP 
and 5 mM PALA.  All experiments were performed in Tris acetate buffer (pH 8.3) 
with 2 mM DTT. 
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Figure 8.3. Steady state SAXS patterns of ATCase enzymes without ligands 
(thin line, thin dashed line for wild-type enzyme) and with 2 mM PALA (thick line, 
thick long dashed line for wild-type enzyme, thick short dashed line in pane (a)).  
(a) R167Q enzyme, (b) R229A enzyme, and (c) Q231L enzyme.  All experiments 
were performed in Tris acetate buffer (pH 8.3) with 2 mM DTT. 
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T-state pattern.  What these observations suggest is that one can not predict 
what effect the mutation of a residue, which is not involved in an interchain salt 
link, will have on the structure and function of the enzyme simply on the basis of 
the crystal structure, which is a static picture that obscures the dynamic motions 
of the protein structure. 
The addition of PALA to a concentration of 2 mM shifts the scattering 
patterns for both the S52A and K84A enzymes completely to the R state, as the 
scattering patterns are very similar to that of the wild-type enzyme in the 
presence of PALA (Figure 8.2). As shown in Figures 8.2 and 8.3, PALA did not 
induce the transition to the R state for the H134A and R167Q enzymes.  
However after addition of 2 mM PALA to the R229A and Q231L enzymes the 
scattering patterns were shifted only partly towards the R state, an unusual result 
that has previously been observed only with the R162A enzyme 44. Unfortunately, 
we did not have sufficient beam time to determine whether a higher PALA 
concentration would have shifted these two mutant enzymes completely to the R 
state. However, the dissociation constant for PALA to the wild-type enzyme is 
approximately 110 nM 45, therefore even if the dissociation constant for PALA 
were 3 orders of magnitude greater for these mutant enzymes a PALA 
concentration of 2 mM would suffice to saturate the active sites. There are two 
possible explanations for this behavior: first that saturating these enzymes with 
PALA can only shift the T to R equilibrium partially towards the R state, or 
second that the PALA ligated structures are in a structure intermediate between 
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the T and R states.  Towards this end we attempted to model the PALA-ligated 
scattering pattern using a combination of the unligated mutant scattering pattern 
along with the PALA-ligated wild-type scattering pattern, as shown in Figure 8.4.  
In the case of R229A, a curve composed of 80% of the unligated enzyme and 
20% of the wild-type R state scattering patterns was a near match to the PALA-
ligated R229A curve. However, for the case of Q231L a curve composed of 69% 
of the unligated enzyme and 31% of the wild-type R state scattering patterns did 
not match the PALA-ligated Q231L curve, as the position of the first peak is 
shifted. The unliganded Q231L scattering curve could not be scaled to match the 
Q231L PALA liganded curve, which eliminates the possibility of an error in 
protein concentration as the cause of the increase in amplitude of the first 
scattering peak after addition of PALA. This result suggests the possibility of a 
structure intermediate between the T and R states for the PALA liganded Q231L 
enzyme.  
It would at first appear unpredictable as how the mutation of an active site 
residue might inhibit the ability to complete the allosteric transition; for example 
Lys84 in the RPALA structure forms interactions with a phosphonacetyl oxygen and 
two aspartate oxygens, whereas His134 forms just one interaction with a 
phosphonacetyl oxygen, and yet the K84A enzyme can complete the allosteric 
transition while the H134A enzyme can not.  However when we take into account 
the intraprotein interactions, in addition to just the interactions with the substrate 
formed by these residues in the RPALA structure (listed in Table 8.1), then their 
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Figure 8.4. Steady state SAXS patterns of ATCase enzymes (a) R229A enzyme  
without ligands (thin line), with 2 mM PALA (thick line), and linear combination of 
80% R229A T state pattern (without ligands) and 20% wild-type R state pattern 
(with 2 mM PALA) (thick dashed line). (b) Q231L enzyme without ligands (thin 
line), with 2 mM PALA (thick line), and linear combination of 69% Q231L T state 
pattern (without ligands) and 31% Wild-type R state pattern (with 2 mM PALA) 
(thick dashed line). All experiments were performed in Tris acetate buffer (pH 
8.3) with 2 mM DTT. 
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 behavior appears more explicable. Mutation of Arg167 to Gln results in the loss 
of a CP-Asp interdomain bridging interaction with Glu50 in the R state. Mutation 
of His134 to Ala causes the loss of hydrogen bonds between the side chain of 
His134 and side chains of Arg105 and Gln137, two residues that also form 
important binding interactions with the substrates in the active site.  Likewise the 
R229A mutation results in the loss of hydrogen bond interactions between the 
side chain of Arg229 and the side chains of Gln231 and Glu233 in the R state, 
and mutation of the Q231L mutation results in the loss of its’ interaction with 
Arg229.  But mutation of Ser52 and Lys84 does not result in the loss of any 
intraprotein hydrogen bond interactions in the R state.  Therefore it appears that 
the loss of one active site residue is not sufficient to eliminate the ability to make 
the T to R transition unless that residue is also involved in an interdomain 
bridging interaction, in which case the allosteric transition is prevented. Or, if that 
residue is also involved in hydrogen bond interactions with the side chains of 
other active site residues, then the ostensible loss of integrity in the active site 
from the loss of side chain position stabilizing hydrogen bonds may severely 
hinder or prevent the complete T to R transition.  
These general suggestions raise the following question: How much energy 
is required to destabilize the R state so that it will not form a stable complex with 
the extremely tight binding inhibitor PALA?  The difference in free energy 
between the unliganded T (lower energy state) and R states has been 
determined as approximately 3.3 kcal/mol, by analysis of the enzyme kinetics 
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using the MWC two-state model 46. This value can also be determined indirectly 
by taking the difference in binding energy of PALA to the catalytic trimer (-9.7 
kcal/mol) versus the binding energy to the holoenzyme (-9.1 kcal/mol), yielding 
0.6 kcal/mol for a single binding site or catalytic chain, or 3.6 kcal/mol for the 
holoenzyme 47. This lower binding energy to the holoenzyme can be interpreted 
as the energy required for the conformational change from the lower energy T 
state to higher energy R state. This suggests that sum of the loss in binding 
energy of PALA, due to the elimination of an active site interaction via mutation, 
and loss in R state stabilizing forces should be at least 9 kcal/mol in order to 
prevent the T to R allosteric transition in the presence of a saturating 
concentration of PALA. This assumes that the energy of the T state remains 
unchanged, and suggests that direct elimination of only a few hydrogen bonds 
may weaken other apparently unrelated neighboring hydrogen bonds; as the 
stabilizing value of a single uncharged hydrogen bond is in the range of 0.5 – 1.8 
kcal/mol and of a single charged hydrogen bond in the range of 3 – 6 kcal/mol 48.  
Another plausible suggestion is that these mutations so destabilize the transition 
state of T → R transition that the activation energy becomes too great for PALA 
to convert the enzyme from the T to R state under normal experimental 
conditions and within the normal experimental time scale. 
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Time-resolved x-ray scattering: Effect of substrates and substrate 
analogues 
TR-SAXS was used to monitor the quaternary conformational change that 
ATCase undergoes when the enzyme is mixed with substrates or substrate 
analogs, using similar experimental conditions to a previous study 28.  In order to 
monitor these reactions over a time course the area under the scattering patterns 
between s = 0.0134 Å-1 and s = 0.0230 Å-1 were integrated and plotted as a 
function of time, as the scattering patterns in that area of the curve show the 
maximum contrast of the different quaternary states. When ATCase is mixed with 
D-Asp and CP ([D-Asp] = [CP] = 50 mM) the integrated scattering intensity 
showed virtually no change as seen in Figure 8.5, therefore D-Asp provides a 
control for the L-Asp experiments with a compound of equal scattering potential, 
and as a control for a T-state scattering pattern 25.  
When wild-type ATCase at a concentration of 75 mg/ml (1.5 mM active 
site concentration) was premixed in 1:1 ratio with [CP] = 50 mM (all enzymes in 
these TR-SAXS experiments were premixed with CP at 50 mM concentration 
including the experiments with PALA) and then mixed with [L-Asp] = 100 mM and 
[CP] = 50 mM the integrated scattering intensity increased very rapidly as shown 
in Figure 8.5, and in a biphasic manner containing a very fast initial phase and 
slow phase as has been recently reported 28. The mixing dead time for the 
stopped-flow instrument is approximately 5 ms, so that any potentially fast 
transitions that occur during that time could not be recorded.  The substrate to 
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Figure 8.5. Time evolution of the quaternary structure change of ATCase as 
monitored by the scattering intensity integrated over the s range 0.0134-0.0230 
Å-1. The integrated intensity curves are for the wild-type enzyme mixed with [CP] 
= [L-Asp] = 50 mM (, continuous line), wild-type enzyme mixed with [CP] = [D-
Asp] = 50 mM (, continuous line) (normalized to an integrated scattering 
intensity of zero at time = 0), wild-type enzyme mixed with [CP] = 50 mM and 
[PALA] = 5 mM (, continuous line), S52A enzyme mixed with [CP] = [L-Asp] = 
50 mM (◇, long dashed line), S52A enzyme mixed with [CP] = 50 mM and 
[PALA] = 5 mM  (◆, short dashed line), and Q231L enzyme mixed with [CP] = 50 
mM and [L-Asp] = 300 mM (△,dotted line).  The data for the Q231L time-course 
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has greater noise because of the relatively low enzyme concentration used.  All 
experiments were performed in Tris acetate buffer (pH 8.3) with 2 mM DTT at 5 
°C. 
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Table 8.3. Rate constants for the T to R allosteric transition of the ATCase  
holoenzyme. 
ATCase holoenzyme 
+ conditionsa 
kT→R1b (s-1) kT→R2c (s-1) 
Wild-type 
+ 25 mM substratesd 
+ 50 mM substratesd 
+ 100 mM substratesd 
+ 5 mM PALA 
 
18 ± 1 
51 ± 4  
51 ± 5  
2.6 ± 0.5  
 
 
7.6 ± 1 
6.3 ± 0.9 
0.52 ± 0.05 
S52A 
+ 50 mM substrates 
+ 5 mM PALA 
 
0.29 ± 0.01 
2.4 ± 0.9  
 
 
0.13 ± 0.01 
K84A 
+ 300 mM L-Asp + 50 mM CP 
 
2.4 ± 0.2  
 
0.2 ± 0.01 
Q137A 
+ 5mM PALAe 
 
2.3 ± 0.7  
 
0.59 ± 0.07 
Q231L 
+ 300 mM L-Asp + 50 mM CP 
+ 5 mM PALA 
 
0.21 ± 0.01 
2.8 ± 0.7 
 
 
0.32 ± 0.03 
R296A 
+ 50 mM substrates 
+ 5 mM PALA 
 
1.3 ± 0.4 
1 ± 0.1 
 
0.25 ± 0.1 
0.12 ± 0.02  
a These experiments were performed at 5 ± 1 ºC (where applicable), in 50 mM 
Tris acetate buffer (pH 8.3), 2 mM DTT, with equal concentrations of substrates 
([L-Asp] = [CP]) (where applicable)).  The number of reported rate constants 
reflect the best least squares fit (as judged by the higher R value (correlation 
coefficient) or goodness of fit) of the integrated intensity curves; if one rate 
 244 
constant is listed then was single exponential, if two rate constants are listed then 
curve was biphasic and fitted by the sum of two exponential terms. 
b Rate constant of fast phase or first phase of two-exponential fit. 
c Rate constant of slow phase or second phase of two-exponential fit, where 
applicable. 
d Rate constant data from previous publication 28. 
e Rate constants determined by fitting the data of previous published integrated 
scattering curves 49. 
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enzyme ratio was relatively low, so after approximately one second the 
substrates had essentially been exhausted and then the enzyme began to return 
to the T state at a fairly rapid rate.  
For the mutant enzymes examined here, the rates of the allosteric 
transition from the T to R state after combining with the substrates were much 
slower than observed for the wild-type enzyme. Table 8.3 provides a summary of 
the rate constants for the T → R transition for the wild-type as well as the mutant 
enzymes.  As opposed to the wild-type enzyme, we did not observe any of the 
mutant enzymes returning to the T state after the R state plateau within the time 
window of our experiments (typically about 18 seconds), as all these mutants had 
much lower activity than the wild-type enzyme. 
The S52A enzyme, as compared to the wild-type enzyme, was previously 
shown to have an approximate 1000-fold reduction in maximal velocity, 
approximate 5-fold and 7-fold reduction in affinity for Asp and CP, respectively, 
no cooperativity for aspartate, and no heterotropic effects by the nucleotides 
(Table 2) 32. Both PALA at a concentration of 5 mM (with 50 mM CP premixed 
with the enzyme) and the substrates at a concentration of 50 mM were able to 
bring the S52A enzyme all the way to the R state, as shown in Figure 5. These 
results showing that not only PALA but the combination of substrates CP and 
Asp could induce the allosteric transition was rather surprising, as the kinetics 
data suggested that the S52A enzyme could not be converted into the high-
activity high-affinity R state.  The T → R transition for the S52A enzyme by CP 
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and  Asp was a very slow process as compared to the wild-type enzyme and the 
rate of the single slow phase was over two orders of magnitude slower than the 
fast phase of the allosteric transition observed with the wild-type enzyme.  
The K84A enzyme, as compared to the wild-type enzyme, was previously 
shown to have an approximate 10-fold reduction in maximal velocity, 
approximate 7-fold and 4-fold reduction in affinity for Asp and CP respectively, 
and have reduced cooperativity for aspartate 33. As compared to the wild-type 
enzyme it was activated approximately one-half as much by ATP and inhibited to 
the same extent by CTP 33. These data clearly indicated that the K84A enzyme 
was capable of making the allosteric transition. The TR-SAXS experiments with 
the K84A enzyme were performed in the presence of CP at a concentration of 50 
mM and Asp at 300 mM because of the much reduced affinity for Asp.  Under 
these conditions the T → R transition for K84A enzyme was relatively slow with 
two kinetic phases, with the rates approximately 20-fold slower than the 
respective rates of the fast and slow phases of the allosteric transition for the 
wild-type enzyme (Table 3). 
 The mutation Q231L was previously shown to drastically alter the kinetics 
of the formation of N-carbamoyl-L-phosphate from CP and Asp as compared to 
the wild-type enzyme 36. There was a nearly 2000-fold reduction in maximal 
velocity, slightly higher affinity for CP, a 15-fold reduction in the affinity for Asp, 
and no cooperativity for Asp.  The Q231L enzyme also showed just slight 
activation and inhibition by ATP and CTP respectively. Here we performed TR-
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SAXS experiments on the Q231L enzyme with the substrates [CP] = 50 mM 
(premixed with the enzyme) followed by addition of [Asp] = 300 mM and [CP] = 
50 mM, and also for the enzyme premixed with [CP] = 50 mM followed by the 
bisubstrate analog [PALA] = 5 mM and [CP] = 50 mM.  For both experiments, 
with the substrates CP and Asp or with PALA and CP, the enzyme population 
shifted only partly from T to R (time-course with substrates shown in Figure 5), 
unlike the virtually complete T to R conversion of the bulk population observed 
with the wild-type enzyme. The rate constant for the T → R transition with the 
substrates was reduced over 200-fold as compared to the wild-type enzyme, and 
the substrates only shifted about 50% of the enzyme to the R state.  Similar to 
the S52A enzyme, the lack of cooperativity for aspartate and extremely low 
maximal catalytic velocity suggested that the Q231L enzyme could not undergo 
the allosteric transition, and that the enzyme could not be converted to the into 
the high-activity high-affinity R state. Therefore these TR-SAXS results indicating 
otherwise were rather surprising, suggesting that the activity of the R state must 
be approximately equal to that of the T state since these enzymes could make 
the allosteric quaternary structure transition and yet demonstrated no homotropic 
cooperativity.  In these cases no sigmoidal curve, which is a hallmark of an 
allosteric enzyme, was observed in the enzyme kinetics assays, even though the 
enzymes are capable of making the structural transition 32,36.  
 The Arg296 residue forms a hydrogen bond interaction with the carbonyl 
oxygen of PAM in a PAM complexed D236A structure in the R state 50 and a 
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similar interaction with the corresponding carbonyl on the phosphonacetyl group 
of PALA in the RPALA structure, except in this case it is mediated indirectly 
through a water molecule 15. The R296A enzyme had near normal affinity and 
reduced cooperativity for Asp, and yet there was an over 100-fold reduction in 
the maximal velocity as compared to the wild-type enzyme 38. Similar to these 
other enzymes with active site mutations, the T → R transition after addition of 
the substrates to the R296A enzyme was relatively slow as compared to the wild-
type enzyme, with two distinct phases.  Like the S52A enzyme, the R296A 
enzyme population was completely shifted to the R state after addition of a 
saturating concentration of substrates and has very low activity, suggesting that 
the T / R ratio of the quaternary structural state population does not directly 
correlate to the activity of the enzyme. 
 The S52A, K84A, and R296A enzymes all made a complete T → R 
transition with the natural substrates, yet the rate of the transition was much 
slower than that of the wild-type enzyme.  All experiments were performed by 
premixing the enzyme with a saturating concentration of CP (50 mM), which 
eliminates the binding rate of CP as a rate-limiting step in the T → R transition.  It 
was previously demonstrated in a TR-SAXS study on the wild-type enzyme that 
the binding of aspartate was not rate limiting for the T → R transition 28.  
Therefore this suggests that the reduced rate of the allosteric transition may 
derive from a greater activation energy for the T → R transition, possibly due to a 
transition state with a higher energy due to the loss of an interaction with a 
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substrate molecule.  Allosteric proteins use the negative free energy of binding 
from effectors or substrates to pay for the positive activation energy of 
conformational changes that are on the pathway from one stable allosteric state 
to another. In a hemoglobin study, the affect of eliminating a T-state stabilizing 
hydrogen bond through mutation was to destabilize the transition state in the R to 
T quaternary structure change by approximately 1.7 kcal/mol, corresponding to a 
20-fold decrease in the R → T transition rate 51. If the loss of a binding interaction 
with the substrate can be compared to the loss of a stabilizing structural 
interaction in terms of energetics, then this would suggest a similar explanation 
for the reduced T → R transition rate after loss of a substrate binding interaction 
by mutation. 
 The rate of the allosteric transition was also measured using TR-SAXS 
when ATCase is combined with the bisubstrate analog PALA, which binds at 
nanomolar affinity and causes the T to R state transition.  As shown in Figure 5, 
when wild-type ATCase was premixed with [CP] = 50 mM and then mixed with 
[PALA] = 10 mM and [CP] = 50 mM (these same conditions were used with all 
the mutant enzymes) the integrated scattering intensity increased relatively 
slowly, in contrast to the rate of the intensity change after addition of the 
substrates, for several seconds before reaching the R state plateau.  However, 
the integrated scattering intensity at the first data collection point at 36 ms is 
noticeably shifted towards the R state as compared to the T state control, 
indicating a rapid shift of a fraction of the enzyme population to the R state after 
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mixing with PALA, or a structural intermediate that evolves rapidly after the 
binding of PALA within the first 40 ms, taking into account the mixing dead time.  
In order to discriminate between these two different possibilities, the scattering 
patterns of the enzyme 1, 2, and 3 seconds after mixing with PALA was 
compared to a scattering pattern composed of 79%, 58%, and 42% of the T state 
scattering patterns and 21%, 42%, and 58% of the R state scattering patterns 
respectively (data not shown), and they were a virtual match. This suggests that 
a structural intermediate is not formed, although if the intermediate had a 
scattering pattern similar to one composed of a mixed population of T and R 
state molecules we would not be able to discern this.   
 The enzymes in this study were saturated with CP before mixing with 
PALA, which might suggest that the relatively slow rate of the allosteric transition 
after mixing with PALA as compared to with the substrates was caused by PALA 
having to displace CP from the active site.  However this displacement step is not 
rate-limiting, because as noted in a previous study the rate for the T → R 
transition with PALA was exactly the same when the enzyme was not 
presaturated with CP 28.  
 TR-SAXS experiments with the Q137A enzyme were previously published 
49, and demonstrated that this enzyme does not undergo the T → R transition 
with the substrates but does with PALA.  The side chain of Gln137 forms a 
hydrogen bond interaction with PAM in the TPAM structure and in the RPM 
structure 11, as well as with CP in the structure of the enzyme in the presence of 
 251 
succinate and CP 40. The allosteric transition by PALA was observed to be 
biphasic, with the rates of the fast and slow phases being practically identical to 
that of the wild-type enzyme. 
 Strikingly, we observed that for all mutant enzymes in this study the rate of 
the T → R transition after the addition of PALA was very similar to that of the 
wild-type enzyme, as detailed in Table 3. The much slower rate of the T → R 
transition after combining with PALA than that after combining with the substrates 
for the wild-type enzyme suggests that the activation energy for the allosteric 
transition is higher with PALA than with the substrates.  In addition, it appears 
that the loss of the binding energy caused by loss of an interaction in the active 
site via mutation of one of the residues does not affect the activation energy for 
the allosteric transition with PALA, since the rates of the transition were 
unaffected by the mutations.  This is most dramatically demonstrated by the 
Q137A enzyme, which does not make the allosteric transition with the substrates, 
strongly suggesting that the loss of its particular interactions with His134 and CP 
via mutation is enough of a loss in binding energy to make the transition state in 
the pathway to the R state inaccessible 49. And yet it also had a T → R transition 
rate with PALA very similar to that of the wild-type enzyme. This suggests that 
pathway of the T → R transition after the binding of the inhibitor PALA is different 
from the transition after the binding of the natural substrates to the enzyme.   The 
inhibitor PALA combines analogs of both substrates into one covalently linked 
bisubstrate analog.  In the ordered catalytic sequence, CP binds first to ATCase 
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and primes the active site for the binding of aspartate. Assuming that this 
requirement also holds true for substrate analogs, then the phosphonacetyl 
group of PALA would bind first in the T state, and the aspartate group of PALA 
would be hindered from binding into the aspartate binding site from being 
covalently tethered to the bound phosphonacetyl group with the domains open in 
the T state. In order for domain closure to occur, the enzyme must transition to 
the R state, which occurs very rapidly in the wild-type enzyme after the binding of 
CP followed by aspartate.  Without the aspartate group of PALA being able to 
bind easily the binding energy of aspartate, which would be normally converted 
into the activation energy needed for the allosteric transition, is unavailable.  
Therefore this suggests that the activation energy for the T → R transition after 
PALA has bound may be similar to the activation energy for the T → R transition 
for the enzyme with just CP bound.  
 
Conclusions 
 In summary, we brought the techniques of site-directed mutagenesis and 
SAXS to bear on the question of the mechanism by which the binding of 
substrates and substrate analogs cause the allosteric transition of ATCase. 
There appears to be little excess energy left over from the binding of substrates 
after it is converted into the conformational changes needed to promote the T to 
R state transition. This was suggested by the loss of one binding interaction 
between an active site residue and substrate causing a significant decrease in 
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the rate of the allosteric transition.  In addition, when this loss of an active site 
interaction was combined with the loss of interactions with the side chains of 
other active site residues or the loss of an interdomain stabilizing interaction then 
the allosteric transition was either severely hindered or eliminated.  The pathway 
for the allosteric transition is clearly quite different after binding the natural 
substrates compared to that after binding the bisubstrate analog PALA, and 
precisely what the pathways are in terms of energetics and structure needs 
further study.  
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Chapter 9: Time-resolved fluorescence of fluorophore-
labeled ATCase 
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Time-resolved Stopped-flow Fluorescence Results 
 
 The ATCase fluorescent probe labeled double mutant enzyme, 
C47A/A241C-pyrene, introduced in Chapter 5 and 6 of this thesis,1,2 was used in 
experiments conducted with a stopped-flow instrument connected to a 
fluorescence detector to monitor the time-resolved change in fluorescence at 380 
nm.  Two pyrene molecules, after excitation by UV light at a wavelength of 338 
nm, will form an excimer if within 10 Å of each other, and fluorescence emission 
will shift from a wavelength of 380 nm to 480 nm.  Such is the case when the 
C47A/A241C-pyrene is in the R state, and therefore the T → R allosteric 
transition can be monitored by the decrease in fluorescent emission at 380 nm, 
as shown in Figure 9.1.  Small-angle X-ray scattering (SAXS) verified that the 
change in fluorescence correlates to the quaternary structural change.2 The 
allosteric transition in ATCase after addition of a saturating concentration of the 
substrates or substrate analogs is very rapid, and necessitates the use of a 
stopped-flow instrument for determination of the rate of this structural transition. 
 As detailed in Table 9.1, the time-resolved fluorescence experiments were 
performed at a temperatures range of 5 - 35 °C; giving rate constant data for the 
T → R transition at much higher temperatures than has been possible with time-
resolved SAXS.3-5 This allowed a direct determination of the activation energy for 
the T → R allosteric transition with the substrates as shown in Figure 9.2, which 
could not be determined with time-resolved SAXS (TR-SAXS) because of  
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Figure 9.1. Time course of the change in fluorescence intensity at 380 nm for the 
C47A/A241C-pyrene enzyme (1 mg/ml) after mixing with CP (10 mM) + 
succinate (50 mM) (, solid line) and PALA (1 mM) (, dashed line) at T = 15 °C 
in Tris acetate buffer, pH 8.3.  The concentrations given are the final 
concentrations after mixing.  The fluorescence intensity of the two curves was 
scaled to the same amplitude, and are the averages of 10 individual mixing runs. 
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TABLE 9.1. Rate constants for the T to R allosteric transition of C47A/A241C-
pyrene ATCasea   
Conditions T (°C) kT→R1b (s-1) kT→R2c (s-1) 
10 mM CP + 50 mM Asp 6.2 19.7 ± 0.5 3.47 ± 0.08 
10 mM CP + 50 mM Asp 8.8 25.3 ± 0.3 4.04 ± 0.04 
10 mM CP + 50 mM Asp 10.4 28.5 ± 0.4 3.92 ± 0.06 
10 mM CP + 50 mM Asp 15.1 43.1 ± 0.8 6.61 ± 0.1 
10 mM CP + 50 mM Asp 19.6 63.9 ± 1.2 11.2 ± 0.2 
10 mM CP + 50 mM Suc 5.7 22.8 ± 0.6 3.73 ± 0.08 
10 mM CP + 50 mM Suc 10.2 29.7 ± 0.6 3.97 ± 0.08 
10 mM CP + 50 mM Suc 15.2 42.9 ± 0.8 5.58 ± 0.09 
10 mM CP + 50 mM Suc 20 60.2 ± 1.3 8.25 ± 0.18 
1 mM PALA 15.1 10.3 ± 0.1 1.87 ± 0.02 
1 mM PALA 20.2 15 ± 0.1 2.73 ± 0.03 
1 mM PALA 25 34.4 ± 0.1 4.67 ± 0.11 
1 mM PALA 34.9 104.2 ± 1.2 18.2 ± 1.1 
a Measured as the rate of decrease in fluorescence at 380 nm.  All experiments 
were performed in 50 mM Tris acetate buffer, pH 8.3, with a final enzyme 
concentration of 1 mg/ml.  The values reported are the average of 10 individual 
runs. 
b Rate constant of fast phase or first phase of two-exponential fit. 
c Rate constant of slow phase or second phase of two-exponential fit.
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Figure 9.2. Arrhenius plots of the temperature dependence of the T → R 
transition.  The plot data is for the kT→R1 rate constants for the natural substrates 
CP + Asp (, solid line), CP + succinate (, short dashed lines), and PALA (, 
long dashed lines).  The activation energy after combining the enzyme with CP + 
Asp was 14.2 ± 0.2 kcal / mol, with CP + succinate was 11.1 ± 0.5 kcal / mol, and 
with PALA was 21.3 ± 1.8 kcal / mol.
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the excessive noise in the data above 10 °C.  The activation energy for each 
condition was also determined using the slow phase rate constant kT→R2 (data not 
shown), and the activation energy was nearly equal to activation energy 
determined using the fast phase rate constant kT→R1.  As was noted in Chapter 7, 
there are 6,7 thirteen possible asymmetrical species of ATCase ligated with 
between zero and six molecules of aspartate (or succinate), with all six CP 
binding sites saturated, with each species potentially having a different allosteric 
transition rate, which has been shown to be the case with the allosteric protein 
hemoglobin.8 Analysis of the enzyme kinetic data using the Monod et. al. two-
state model suggested the allosteric structural transition rate was greatest with 
three or more aspartate bound to the T state;6,7 and also that the two phases of 
the structural transition curve were the composite of several different rates from 
enzyme molecules with different ligation states.  The biphasic nature of the 
fluorescence change after mixing the enzyme with substrates or substrate 
analogs in this stopped-flow experiment suggests that similarly it may be the 
composite of several different rates arising from different ligation states.  
Therefore the activation energy of the allosteric transition after combining the 
enzyme with a saturating concentration of substrates or substrate analogs may 
not be of the T6 → R6 (corresponding to the enzyme with active sites fully 
saturated with substrate) transition, but for the Tx → Rx  transition, with x 
corresponding to all the ligation states with the fastest allosteric transition rate.  
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The lowest activation energy for the Tx → Rx allosteric transition of the 
three conditions in this experiment was the combination of the enzyme with the 
substrate analog succinate and carbamoyl phosphate (CP) at 11.1 ± 0.5 kcal / 
mol; followed by a slightly higher activation energy after mixing the enzyme with 
the substrates aspartate and CP at 14.2 ± 0.2 kcal / mol; and the highest 
activation energy for the structural transition was after combination of the 
bisubstrate analog PALA with the enzyme at 21.3 ± 1.8 kcal / mol.  The activation 
energy for the R0 → T0 (unliganded states) was calculated to be 13.0 ± 1.4 
kcal/mol in the TR-SAXS experiments of Chapter 7.  By using a previously 
determined estimate of the free energy difference between the T0 and R0 states 
of 3.3 kcal/mol, the activation energy for the T0 → R0 transition was estimated to 
be in the range of 15 – 18 kcal / mol.  This value is 1 – 4 kcal / mol greater than 
the activation energy for the Tx → Rx transition, suggesting that saturation of the 
active sites with substrate decreases the activation energy for the allosteric 
transition by a like amount. 
 In summary, these experiments demonstrate that this fluorescent-labeled 
ATCase, when combined with a stopped-flow instrument and highly sensitive 
fluorescence detector, can monitor the kinetics of the allosteric transition with 
high degree of accuracy at elevated temperatures. 
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Materials — Agarose, ATP, CTP, DTT, D-aspartate, L-aspartate, N-
carbamoyl-L-aspartate, N,N-dimethylformamide, 2-mercaptoethanol, isopropyl-b-
thiogalactosidase, potassium dihydrogen phosphate, sucrose, 
phenylmethylsulfonyl fluoride, bovine pancreatic deoxyribonuclease I, 
tetramethoxysilane, and uracil were obtained from Sigma Chemical Co.  Q-
Sepharose Fast Flow and High Performance Phenyl Sepharose resin were 
purchased from Amersham Pharmacia Biotech AB.  Ampicillin and the 
Sequenase DNA sequencing kit were obtained from US Biochemical, Inc.  
Restriction endonucleases and T4 DNA ligase were obtained from New England 
Biolabs.  Sodium dodecyl sulfate, Bio-Prep SE-1000/17, Bio-Prep SE-100/17, gel 
filtration molecular weight standards, UNO Q-1, and the Protein Assay Dye were 
purchased from Bio-Rad Laboratories.  Pefabloc SC, pepstatin and leupeptin 
were purchased from Boehringer Mannheim.  Carbamoyl phosphate dilithium 
salt, obtained from Sigma, was purified before use by precipitation from 50% 
(v/v) ethanol and was stored desiccated at –20°C.1  Casamino acids, yeast 
extract, and tryptone were obtained from Difco.  Glass beads for isolation of DNA 
from agarose gels were purchased from Bio101.  Ammonium sulfate, urea, Tris, 
and electrophoresis-grade acrylamide were purchased from ICN Biomedicals.  
Antipyrine was obtained from Fisher Chemical Co.  The pGEM T-tail vector kit 
was purchased from Promega. PALA was obtained from the National Cancer 
Institute. The Qiagen gel extraction kit was used for isolation of DNA from 
agarose gels and the Qiagen mini-plasmid prep kit was used for purification of 
plasmid DNA (Valencia, California). Oligonucleotides were purchased from 
Operon Technologies (Alameda, California).  N-(1-pyrene)maleimide and tris-(2-
  274 
carboxyethyl)phosphine, hydrochloride (TCEP) were obtained from Molecular 
Probes (Eugene, Oregon). 
Molecular Weight Determination of the M. jannaschii Aspartate 
Transcarbamoylase by Sucrose Density Gradient Sedimentation — The 
molecular weight of M. jannaschii aspartate transcarbamoylase was determined 
using sucrose density gradient sedimentation of a M. jannaschii cell-free extract.  
Approximately 1 - 2 grams of M. jannaschii cells, kindly provided by Prof. Mary 
Roberts, Boston College, were resuspended in 2 mL of 0.1 M Tris-Cl buffer, pH 
8.0, 1.5 mM EDTA containing 50 µM phenylmethylsulfonyl fluoride, 0.1 mM 
Pefabloc SC, 1 µg/ml pepstatin, and 1 µg/ml leupeptin then sonicated to lyse the 
cells.  The resulting highly viscous solution was treated by slowly adding bovine 
pancreatic deoxyribonuclease I (10 µg/mL in 10 mM MgCl2) while stirring for 20 
min. at 4° C.  After centrifugation at 22,000 x g for 40 min, the supernatant was 
concentrated in an Amicon Centricon YM-10.  This crude cell extract was layered 
on top of a 4 mL 6-30% preformed sucrose gradient in 0.05 M Tris-acetate buffer, 
pH 8.3.  A standard was also prepared by layering 10 µL of 1 mg/mL purified E. 
coli catalytic subunit and 10 µL of 1 mg/mL purified E. coli holoenzyme on top of 
another identical sucrose gradient.  Using a Beckman SW 55 Ti rotor, these two 
tubes were spun at 80,000 x g for 14 hr in a Beckman L-70 ultracentrifuge.  
Immediately after centrifugation, the gradients were fractionated using a Brandel 
Model BR-184-1 fractionator.   Fractions of 100 µL were collected and were 
assayed for aspartate transcarbamoylase activity using the colorimetric assay at 
37° C.   
Construction of Mutant Aspartate Transcarbamoylases — The C47A and 
A241C mutants of E. coli aspartate transcarbamoylase were constructed by 
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introducing specific base changes in the pyrB gene using the Kunkel method.2  
The uracil-containing single-stranded DNA required was obtained by infection of 
E. coli strain CJ236 containing the phagemid pEK54 3 for the C47A mutation, and 
the phagemid pEK152 4 for the A241C mutation, with the helper phage M13K07.5  
Selection of the mutations was performed by sequencing with single-stranded 
DNA isolated from phagemid candidates after coinfection with the helper phage 
M13K07.5  After the mutations were verified, the resulting plasmids with the 
C47A and A241C mutations, pEK184 and pEK605 respectively, were digested 
with the restriction enzymes BstEII and EcoRI.  The large fragment of the 
pEK184 plasmid and small fragment of the pEK605 plasmid were removed from 
an agarose gel, combined, and treated with DNA ligase for 1 hr. at 16 °C.  The 
resulting plasmid, pEK606, was sequenced directly by double-strand dideoxy 
sequencing to verify the mutations.  
The C47A:A241C1 catalytic subunit was constructed by first digesting 
pEK184 with the restriction enzymes BstEII and BamH1 and digesting pEK605 
with the restriction enzymes BstEII and BglII.  The large fragment of the pEK184 
plasmid and small fragment of the pEK605 plasmid were removed from an 
agarose gel, combined, and treated with DNA ligase for 1 hr. at 16 °C.  The 
resulting plasmid, pEK607 was sequenced directly by double-strand dideoxy 
sequencing to verify the mutations.   
The E. coli strain MV1190 (Δ(lac-proAB), supE, thi, Δ(sri-
recA)306::Tn10(tetr)/F' traD36, proAB, lacIq, lacZΔM15) and M13 phage M13K07 
was obtained from J. Messing.  EK1104 (F- ara, thi, Δ(pro-lac), ΔpyrB, pyrF±, 
rpsL) was previously constructed in this laboratory 6. 
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Overexpression and Purification of the Wild-type and Mutant Enzymes — 
The wild-type holoenzyme (E. coli strain EK1104 containing plasmid pEK152), 
mutant holoenzymes and catalytic subunits of aspartate transcarbamoylase 
(using E. coli strain EK1104 containing the appropriate plasmid) were 
overexpressed and purified to homogeneity as described previously.6  After 
concentration, the purity of the enzymes were checked by SDS-PAGE,7 
nonreducing SDS-PAGE (in which mercaptoethanol is omitted from the sample 
buffer), and nondenaturing PAGE.8,9 
Determination of Protein Concentration — The concentrations of the E. coli 
wild-type holoenzyme, catalytic subunit and regulatory subunit were determined 
from absorbance measurements at 280 nm using extinction coefficients of 0.59 
cm2mg-1, 0.72 cm2mg-1, and 0.32 cm2mg-1, respectively.10 The concentrations of 
purified mutant enzymes were determined by the Bio-Rad version of the Bradford 
dye-binding assay.11 
Determination of Aspartate Transcarbamoylase Activity — Aspartate 
transcarbamoylase activity was measured by the colorimetric method,12 by the 
pH-stat method 13 using a Radiometer-Copenhagen PHM290 titrator and an 
ABU901 autoburette, or by the radioactive method for assays containing DTT at 
a concentration of 10 mM, as DTT at this concentration interferes with the 
development of color in the colorimetric method.13  Aspartate saturation curves 
were performed in duplicate at a highly saturating concentration of carbamoyl 
phosphate (4.8 mM) and data points shown in the figures are the average values.  
Colorimetric assays and radioactive assays were performed in 50 mM Tris-
acetate buffer, pH 8.3.  Data analysis of the steady-state kinetics was carried out 
as previously described.14 The experimental data was fit to theoretical equations 
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using non-linear regression. When significant substrate inhibition was present the 
data was analyzed using an extension of the Hill equation that includes a term for 
substrate inhibition 15. The nucleotide saturation curves were fit to a hyperbolic 
binding isotherm by non-linear regression. 
Fluorescent Labeling of the C47A/A241C Holoenzyme and C47A/A241C–c 
Catalytic Subunit — Fluorescent labeling of the mutant enzymes was performed 
according to the procedure provided by Molecular Probes.  The purified mutant 
enzymes were concentrated to approximately 20 mg/ml and dialyzed overnight 
into 40 mM KH2PO4 buffer, pH 7.2.  After dialysis, a 100-fold molar excess of 
solid tris-(2-carboxyethyl)phosphine hydrochloride was added with stirring to the 
enzyme solution, at 20 °C.  One hour after addition of the tris-(2-
carboxyethyl)phosphine hydrochloride, a freshly prepared 20 mM solution of N-
(1-pyrene)maleimide in N,N-dimethylformamide in 60-fold molar excess was 
slowly dripped into the vigorously stirred enzyme solution.  After addition of the 
N-(1-pyrene)maleimide solution, the reaction mixture was shielded from light by 
covering the reaction vessel with foil.  After two hours, the reaction mixture was 
centrifuged to pellet out the N-(1-pyrene)maleimide.  The supernatant was 
dialyzed four times against 40 mM KH2PO4 buffer, pH 7.0, 2 mM DTT and 1 mM 
EDTA in order to remove the unreacted N-(1-pyrene)maleimide.   
Efficiency of Pyrene Attachment — The completeness of the labeling of the 
C47A/A241C enzyme with pyrene assessed by mass spectrometry and also by 
determination of unreacted thiol with Ellman’s reagent 16.  The C47A/A241C and 
C47A/A241C-pyrene holoenzymes were analyzed by MALDI-TOF mass 
spectrometry using a Micromass TofSpec-2E mass spectrometer operating in 
positive mode and using a sinaptic acid matrix.  
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Fluorescence Measurements — Fluorescence emission spectra were 
recorded at 20° ± 1 C in 50 mM Tris-acetate buffer, pH 8.3 on a Shimadzu 1000 
spectrofluorimeter.  The excitation wavelength was 338 nm; the emission 
wavelength collected was 360–560 nm; the excitation and emission bandwidths 
were set to 5 nm.  In order to approximate the degree of quaternary structure 
change for the enzyme population from the fluorescence emission spectra, a 
unitless fluorescence coefficient (Fc) was calculated from the following 
expression:  
  
FC =
IF (λi)
i=440
560
∑
IF (λi)
i= 360
440
∑
 
where IF is the fluorescence intensity at wavelength λi  sampled over the entire 
emission spectrum at 0.4 nm intervals.  The ratio of the sums of the intensities of 
the excimer to the monomer fluorescence was used to significantly reduce the 
signal to noise.  All fluorescence experiments were performed with the enzyme in 
50 mM Tris acetate buffer, pH 8.3.   
Saturation curves with the bisubstrate analogue PALA and aspartate 
analogue succinate (plus saturating carbamoyl phosphate (4.8 mM)) were 
performed by incremental addition to the pyrene-labeled enzyme ([C47A/A241C-
pyrene] = 1 µM) until there was no further change in the fluorescence emission 
spectrum.  To normalize the data, the FC for all data points was divided by the FC 
at zero ligand (PALA or succinate) concentration, and then subtracted by one.  
The experimental data were analyzed in the same manner as the data from the 
activity assays. 
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Nucleotide saturation curves ([C47A/A241C-pyrene] = 1 µM) were  
performed at a sub-saturating PALA concentration ([PALA]:[C47A/A241C-
pyrene] = 1), a sub-saturating succinate concentration ([succinate] = 1 mM and 
[carbamoyl phosphate] = 4.8 mM), and also in the absence of ligands.  ATP or 
CTP were added incrementally until the enzyme was completely saturated with 
nucleotide, as indicated by no further change in the fluorescence spectrum. To 
normalize the data, the FC for all data points was divided by the FC at zero 
nucleotide concentration.  The experimental data were analyzed in the same 
manner as the data from the activity assays. 
Stopped-flow fluorescence — Stopped-flow fluorescence experiments were 
performed using a KinTek SF-2001 stopped-flow instrument.  A stopped-flow 
mixer injected 0.05 ml of pyrene-labeled C47A/A241C ATCase in buffer solution 
(50 mM Tris acetate, pH 8.3) from one syringe and an equal volume of another 
solution containing substrates or substrate analogs from a second syringe into a 
flow cell via a mixing chamber. The light source used was a mercury short arc 
bulb with an output of 100 watts, tuned by an adjustable slit to an excitation 
wavelength of 338 nm.  The detector used for emission was a photomultiplier 
tube with a filter of fixed wavelength at 380 nm.  The observation cell was kept at 
a constant temperature within an error of ± 0.5 ˚C. The dead time of our stopped-
flow apparatus for X-ray scattering was measured at 3.5 ms, which is the earliest 
time-point that one can obtain after initiation of the change in fluorescence 
caused by alteration in structure of the enzyme.  The enzyme concentration after 
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mixing was 1 mg/ml.  Each reported set of rate constants for the structural 
change was obtained from averaging ten individual runs under the same 
conditions, with each run inspected for consistency and rejected if there was 
instrument error.  Data fitting was done with the built-in curve fitting functions in 
the SF-2001 software (running on a Microsoft Windows 98 operating system). 
Two exponential curve fits with terms for separate amplitudes and time constants 
were used to fit all data because this function yielded the highest R value 
(correlation coefficient) or goodness of fit.  
Sol-gel encapsulation — The encapsulation of ATCase was carried out by 
first making a stock solution of acidified tetramethoxysilane (TMOS), prepared by 
mixing TMOS and 0.002 M hydrochloric acid in a 1:2 ratio with vigorous stirring at 
room temperature until the solution was monophasic (5-10 minutes). For the 
enzyme-doped sol-gels used in the kinetic experiments, 0.030 ml of the TMOS 
sol was mixed with 0.02 ml of a 0.015 mg/ml solution of ATCase in 50 mM Tris-
acetate buffer, pH 8.3, in a rotating glass tube (1 cm diameter). The gel formed 
within 2 minutes at room temperature. The 50 mM Tris-acetate buffer was 
sufficient to ensure that the enzyme was not exposed to low pH during the 
polymerization. The resultant ATCase-doped thin film, which adhered to the inner 
surface of the glass tube, was soaked in 50 mM Tris-acetate buffer, pH 8.3, at 4 
°C overnight before use. For the enzyme-doped sol-gels used in the fluorescence 
experiments, 1.5 ml of the TMOS sol was mixed with 1 ml of a 0.1 mg/ml pyrene-
labeled ATCase in 50 mM Tris-acetate buffer, pH 8.3, in a methacrylate cuvette 
  281 
gel overnight at 4° C, and then soaked in 50 mM Tris-acetate buffer, pH 8.3, for 
storage before use.  
Steady state small-angle X-ray scattering — The small-angle X-ray 
scattering experiments in Chapters 3, 4, 5, and 6 were performed on the Beam 
Line 4-2 at the Stanford Synchrotron Radiation Laboratory (3.0 GeV, 50-100 
mA).  A significantly upgraded version of the small-angle scattering instrument 
was used.  The specimen-to-detector distance was 95 cm, and the X-ray 
wavelength was tuned to 1.381 Å using a Si(111) double-crystal 
monochromator.17 A linear gas chamber detector filled with a Xe/CO2 mixture 
was used in the experiment.  Total counting rate on the detector was between 
30,000 – 90,000 counts per second.  The scattering curves are expressed as the 
momentum transfer h (h = 4π(sinθ)/λ) where 2θ and λ are the scattering angle 
and the wavelength of the X-ray beam, respectively) which was calibrated using 
the (100) reflection from a cholesterol myristate powder sample held at the 
specimen position. Sample solutions were maintained at 25° C.  All scattering 
curves were normalized to incident beam intensity integrated over exposure time, 
and the corresponding solvent scattering was subtracted.  The enzyme solution 
was adjusted so all the scattering curves were performed at an identical protein 
concentration. 
X-ray scattering experiments in Chapters 7 and 8 were performed on Beam 
Line 4-2 at Stanford Synchrotron Radiation Laboratory (SSRL), Menlo Park, CA 
18.  Synchrotron radiation from a 20-pole 2 Tesla wiggler was focused by a bent 
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cylinder mirror and monochromatized (X-ray wavelength 1.38 Å) by a pair of 
synthetic W/B4C multi-layer diffraction elements. Each sample aliquot was 
contained in a polycarbonate sample cell equipped with thin mica windows and 
maintained at 25 ˚C (steady-state experiments). A  total of one minute x-ray 
exposure, subdivided in series into twelve 5s exposures, was made for each 
sample, including buffer solutions, to record x-ray scattering using a MarCCD165 
detector (MarUSA, Evanston, IL), placed 68 cm from the sample cell.  Individual 
scattering profiles were inspected for time-dependent changes (no change 
observed) and averaged after intensity scaling and circular averaging of the two-
dimensional scattering image using MarParse, a program developed at SSRL 18. 
Corresponding buffer solution scattering was subsequently subtracted. The 
detector channels were converted to the modulus of the scattering vector s, 
where s = (2sinθ)/λ, 2θ is the scattering angle, λ is the radiation wavelength, 
using the (100) and related diffraction peaks recorded from a silver behenate 
powder sample.  
Time-resolved small-angle X-ray scattering — Time-resolved X-ray 
scattering experiments were performed on Beam Line 4-2 at Stanford 
Synchrotron Radiation Laboratory, Menlo Park, CA.  Synchrotron radiation from a 
20-pole 2 Tesla wiggler was focused by a bent cylinder mirror and 
monochromatized (X-ray wavelength 1.38 Å) by a pair of synthetic W/B4C multi-
layer diffraction elements 17. A stopped-flow mixer injected 0.1 ml of enzyme 
solution and an equal volume of another solution, typically containing substrates 
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or substrate analogs, into an observation cell via a mixing chamber. The 
observation cell was kept at a constant temperature within an error of ± 0.5 ˚C. 
The dead time of our stopped-flow apparatus for X-ray scattering is 
approximately 5 - 10 ms, which is the earliest time-point that one can obtain after 
initiation of the enzyme reaction.  All stopped-flow experiments were performed 
at a pH of 8.3, in 50 mM Tris acetate buffer containing 2 mM DTT.  The time-
resolved measurements were done by mixing solutions from two syringes; one 
syringe containing the substrate CP, nucleotides where applicable, and enzyme; 
the second syringe contained the substrates CP and L-Asp (or substrate analogs 
where applicable) and nucleotides where applicable. D-Asp was substituted for 
L-Asp for recording the T-state scattering curves without enzyme catalysis as 
well as for the background correction with identical electron density contrast.  
A series of successive measurements of 2D scattering data and 
corresponding beam intensities were synchronized with the completion of sample 
mixing.  The scattering data were recorded by an image-intensified interline CCD 
X-ray detector system (Hamamatsu Photonics C4880-80-14A & V5445P),19 
located at ~85 cm from the observation cell. The beam intensities incident on the 
sample were integrated during a series of CCD exposures by the EMBL data 
collection system.19 The detector channel numbers were converted to s = 
2sinθ/λ, where 2θ is the scattering angle and λ is the X-ray wavelength (1.38 Å), 
by recording the position of the (100) and related reflections of a cholesterol 
myristate powder sample placed at the sample position. Image distortion 
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correction of 2D data was performed using the program Fit2D.20 Radial 
integration, intensity scaling, background subtraction and correction for non-
uniformity of detector response were done by MarParse, developed at SSRL.18 
Each reported set of T → R rate constants was obtained from averaging 
between two and three individual runs under the same conditions, with each run 
inspected for consistency and any experimental anomalies.  The time-courses of 
the initial quaternary structural change were subject to both one exponential 
curve fits and two exponential curve fits with terms for separate amplitudes and 
time constants. The number of reported rate constants reflect which least 
squares fit yielded the highest R value (correlation coefficient) or goodness of fit 
under each experimental condition.  The time-evolution of the structural change 
displayed in the figures are from individual single-mixing runs. 
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The genes from the thermophilic archaeabacterium
Methanococcus jannaschii that code for the putative
catalytic and regulatory chains of aspartate transcar-
bamoylase were expressed at high levels in Escherichia
coli. Only the M. jannaschii PyrB (Mj-PyrB) gene prod-
uct exhibited catalytic activity. A purification protocol
was devised for the Mj-PyrB and M. jannaschii PyrI
(Mj-PyrI) gene products. Molecular weight measure-
ments of the Mj-PyrB and Mj-PyrI gene products re-
vealed that the Mj-PyrB gene product is a trimer and the
Mj-PyrI gene product is a dimer. Preliminary character-
ization of the aspartate transcarbamoylase from M. jan-
naschii cell-free extract revealed that the enzyme has a
similar molecular weight to that of the E. coli holoen-
zyme. Kinetic analysis of the M. jannaschii aspartate
transcarbamoylase from the cell-free extract indicates
that the enzyme exhibited limited homotropic cooperat-
ivity and little if any regulatory properties. The purified
Mj-catalytic trimer exhibited hyperbolic kinetics, with
an activation energy similar to that observed for the E.
coli catalytic trimer. Homology models of the Mj-PyrB
and Mj-PyrI gene products were constructed based on
the three-dimensional structures of the homologous E.
coli proteins. The residues known to be critical for ca-
talysis, regulation, and formation of the quaternary
structure from the well characterized E. coli aspartate
transcarbamoylase were compared.
Organisms from the archaea, prokarya, and eukarya king-
doms all produce aspartate transcarbamoylase, the enzyme
that catalyzes the committed step of the pyrimidine biosyn-
thetic pathway, the reaction of carbamoyl phosphate and L-
aspartate to form N-carbamoyl-L-aspartate and inorganic phos-
phate (1). There are four major classes or forms of quaternary
structures known for aspartate transcarbamoylases. In pro-
karyotes, aspartate transcarbamoylase is known to exist in
three classes. The simplest is class C, a homotrimer of catalytic
chains each with a molecular mass of approximately 34 kDa.
The aspartate transcarbamoylase from Bacillus subtilis, which
lacks both homotropic and heterotropic properties, is an exam-
ple of this class (2). A second form of aspartate transcarbamoy-
lase, class A, is a dodecamer of six 34-kDa and six 45-kDa
polypeptides. Catalytic and regulatory functions of this enzyme
are both located on the 34-kDa polypeptides, whereas the func-
tion of the 45-kDa polypeptides is unknown. There are several
species of Pseudomonas that produce this type of aspartate
transcarbamoylase, including Pseudomonas fluorescens (3, 4).
The third and best characterized class of aspartate transcar-
bamoylase is class B, comprised of two trimeric catalytic sub-
units of 34-kDa polypeptides and three dimeric regulatory sub-
units of 17-kDa polypeptides. The class B form is an allosteric
enzyme, exhibiting both homotropic and heterotropic interac-
tions. Escherichia coli, Salmonella typhimurium, Erwinia her-
bicola, Serratia marcescens, and other members of the family
Enterobacteriaceae produce class B aspartate transcarbamoy-
lase (5). In eukaryotes, aspartate transcarbamoylase often is
part of a multienzyme complex, such as those found in yeast (6)
and hamster (7).
The DNA sequence of the unicellular thermophilic archae-
abacterium Methanococcus jannaschii revealed genes (pyrB
and pyrI)1 that are homologous to a class B aspartate transcar-
bamoylase (8). In the E. coli genome, the pyrB and pyrI genes
are separated by only 12 base pairs, whereas in the M. jann-
aschii genome the two homologous genes are separated by over
200,000 base pairs. Fig. 1 shows a sequence alignment of the E.
coli and M. jannaschii pyrB and pyrI genes. The PyrB gene
product exhibits 47% identity and 67% similarity, and the PyrI
gene product exhibits 35% identity and 52% similarity, sug-
gesting that the PyrB and PyrI gene products of the two species
have similar tertiary structures. The M. jannaschii differs from
other recently characterized archaeabacteria such as Pyrococ-
cus abyssi (9) and Sulfolobus acidocaldarius (10) that contain
an enterobacteria-like pyrBI operon.
In order to study the M. jannaschii aspartate transcar-
bamoylase, the M. jannaschii pyrB (Mj-pyrB)2 and M. jann-
aschii pyrI (Mj-pyrI) genes were inserted into an expression
system that yielded substantial amounts of both gene products.
A protein purification scheme was developed for the Mj-PyrB
and Mj-PyrI gene products, and the quaternary structure of the
M. jannaschii aspartate transcarbamoylase found in vivo was
analyzed and kinetically characterized.
EXPERIMENTAL PROCEDURES
Materials—Agarose, ATP, CTP, L-aspartate, N-carbamoyl-L-aspar-
tate, 2-mercaptoethanol, isopropyl-b-thiogalactosidase, potassium di-
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frayed in part by the payment of page charges. This article must
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1 The names of the two genes are those from E. coli.
2 The abbreviations used are: Mj-pyrB, the gene identified in M.
jannaschii that has high sequence identity to the pyrB gene of E. coli;
Mj-pyrI, the gene identified in M. jannaschii that has high sequence
identity to the pyrI gene of E. coli; Mj-catalytic trimer, the trimeric
protein product of the M. jannaschii pyrB gene that has aspartate
transcarbamoylase activity; PCR, polymerase chain reaction; PAGE,
polyacrylamide gel electrophoresis.
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hydrogen phosphate, sucrose, phenylmethylsulfonyl fluoride, bovine
pancreatic deoxyribonuclease I, and uracil were obtained from Sigma.
Q-Sepharose Fast Flow and high performance phenyl-Sepharose resin
were purchased from Amersham Pharmacia Biotech. Ampicillin and
the Sequenase DNA sequencing kit were obtained from United States
Biochemical Corp. Restriction endonucleases and T4 DNA ligase were
obtained from New England Biolabs.
Sodium dodecyl sulfate, Bio-Prep SE-1000/17, Bio-Prep SE-100/17,
gel filtration molecular weight standards, and the Protein Assay Dye
were purchased from Bio-Rad. Pefabloc SC, pepstatin, and leupeptin
were purchased from Roche Molecular Biochemicals. Carbamoyl phos-
phate dilithium salt, obtained from Sigma, was purified before use by
precipitation from 50% (v/v) ethanol and was stored desiccated at
220 °C (11). Casamino acids, yeast extract, and tryptone were obtained
from Difco. Glass beads for isolation of DNA from agarose gels were
purchased from Bio 101. Ammonium sulfate, urea, Tris, and electro-
phoresis-grade acrylamide were purchased from ICN Biomedicals. An-
tipyrine was obtained from Fisher. Oligonucleotides were purchased
from Operon Technologies. The pGEM T-tail vector kit was purchased
from Promega.
Strains and Plasmids—The E. coli strains 627239 and 623859 har-
boring plasmids AMJPK84 and AMJAE67, respectively, were obtained
from the American Type Culture Collection (ATCC). The plasmid
pET23a was obtained from Novagen, Inc., and the plasmid pSJS1240
was provided by S. Sandler.
Construction of Plasmids for the Expression of the Mj-PyrB and
Mj-PyrI Gene Products—DNA encoding the Mj-pyrB and Mj-pyrI genes
were derived from plasmids AMJPK84 and AMJAE67, respectively (8).
Each plasmid was incubated with EcoRI and BamHI restriction endo-
nucleases, and the corresponding EcoRI-BamHI DNA fragments con-
taining the Mj-pyrB and Mj-pyrI genes were separated by agarose gel
electrophoresis followed by isolation from the gel with glass beads. Two
sets of oligonucleotide primers were used to amplify the Mj-pyrB and
Mj-pyrI gene fragments by PCR (12). One set of primers introduced a
unique NdeI restriction site overlapping the 59 initiation codon and the
other a unique SacI restriction site proximal to the 39 end of the
termination codon. The PCR products were separated by agarose gel
electrophoresis followed by isolation of the appropriate fragment from
the gel with glass beads. Each fragment was separately mixed with
linear p-GEM-T and treated with T4 DNA ligase for 16 h at 4 °C. After
selection, plasmids pGEM*pyrB and pGEM*pyrI harboring the Mj-
pyrB and Mj-pyrI genes, respectively, were obtained.
In order to express the recombinant genes under the control of the E.
coli aspartate transcarbamoylase pyrBI promoter (13), the Mj-pyrB and
Mj-pyrI genes were transferred into plasmid pEK164 (14). In order to
construct these plasmids, pGEM*pyrB, pGEM*pyrI, and pEK164 were
digested with the restriction endonucleases NdeI and SacI. The DNA
fragments containing the Mj-pyrB gene, Mj-pyrI gene, and pEK164
vector were isolated after agarose gel electrophoresis using glass beads.
The isolated Mj-pyrB and Mj-pyrI gene fragments were individually
mixed with the isolated vector fragment and treated with DNA ligase
for 16 h at 4 °C. The resulting plasmids, pEK400 and pEK401, were
confirmed by restriction analysis. DNA sequence analysis was then
used to confirm that the PCR-amplified M. jannaschii pyrB and pyrI
genes had exactly the same sequence as reported (8).
The Mj-pyrB and Mj-pyrI genes were also inserted into the expres-
sion vector pET23a, so an alternate expression system, employing the
T7 promoter (15), could be tested. Plasmids pEK400, pEK401, and
pET23a were digested with NdeI and SacI endonucleases to remove the
Mj-pyrB and Mj-pyrI genes. These DNA fragments were separated by
agarose gel electrophoresis, isolated using glass beads, and then were
individually mixed with NdeI- and SacI-digested pET23a. The mixtures
were then treated with T4 DNA ligase for 16 h at 4 °C. The resulting
plasmids, pEK406 and pEK407, contained the M. jannaschii pyrB and
pyrI genes respectively, under control of the T7 promoter.
Expression of the Mj-PyrB and Mj-PyrI Gene Products—Protein ex-
pression was performed with the plasmid/strain combination pEK406/
EK1594 and pEK407/EK1594 for the Mj-PyrB and Mj-PyrI gene prod-
ucts, respectively. EK1594 is a version of the E. coli aspartate
transcarbamoylase expression strain EK1104 (16) that has an inducible
gene for T7 polymerase on the chromosome along with a deletion in the
pyrBI region of the chromosome (17). In addition, the plasmid
pSJS1240 was co-transformed into these plasmid/strain combinations
to test the importance of low copy number tRNAs for high level expres-
sion of these proteins (18).
Typically, a 50-ml overnight culture of M9 media (19) supplemented
with 0.5% casamino acids, 100 mg/ml ampicillin, and 100 mg/ml specti-
nomycin (when the pSJS1240 plasmid was used) was inoculated with
the appropriate plasmid/strain combination and grown overnight at
37 °C. A 2% inoculum was used to seed each of the four 4-liter flasks
containing 2 liters of M9 media supplemented as indicated above (8
liters total). The cells were grown at 37 °C, 200 rpm to an A560 of 0.6
(normally 2.5 h after inoculation). Protein expression was then induced
by the addition of solid isopropyl-b-thiogalactosidase to a final concen-
tration of 0.4 mM. The cell culture was grown for 4 additional h before
harvesting.
Purification of the M. jannaschii PyrB Gene Product —The cell cul-
ture was centrifuged at 4500 3 g for 20 min, and the cell pellet was
resuspended in 64 ml of ice-cold 0.1 M Tris-Cl buffer, pH 9.2. After
sonication to lyse the cells, the mixture was centrifuged at 31,000 3 g
for 20 min. In order to increase protein yield, the cell pellet was resus-
pended in 32 ml of ice-cold 0.1 M Tris-Cl buffer, pH 9.2, and again
centrifuged as described above.
The cell-free supernatant and the supernatant from the pellet wash
were combined and brought to 30% saturation of ammonium sulfate.
Aliquots of 5 ml were transferred into 18 3 150-mm test tubes and
placed in a metal rack. This rack was then immersed in a 90 °C water
bath and heated for 15 min after the mixture reached 90 °C (about 3
min). During the incubation at 90 °C, the tubes were gently shaken at
5-min intervals. This procedure was used to ensure that each aliquot
FIG. 1. Sequence alignment of the E.
coli (ECOLI) and M. jannaschii
(METJA) PyrB and PyrI gene prod-
ucts. The PyrB gene products exhibit
47% identity and 67% similarity, whereas
the PyrI gene products exhibit 35% iden-
tity and 52% similarity.
M. jannaschii Aspartate Transcarbamoylase 15821
289
reached 90 °C rapidly. After heating, the aliquots were recombined and
centrifuged at 31,000 3 g for 15 min. The supernatant was retained and
dialyzed 2 times in 4 liters of 0.05 M Tris acetate buffer, 2 mM 2-mer-
captoethanol, pH 8.3.
The dialyzed supernatant was loaded onto a Q-Sepharose Fast Flow
anion exchange column (1.8 3 18 cm) pre-equilibrated with 300 ml of
column buffer, 0.05 M Tris acetate, 2 mM 2-mercaptoethanol, pH 8.3.
The protein was eluted from the column using 300 ml of column buffer
followed by a 600-ml linear gradient of column buffer to column buffer
containing 0.5 M NaCl. The column fractions containing the Mj-PyrB
gene product, as determined by A280 measurements and by SDS-PAGE,
were pooled and dialyzed into a buffer solution of 40 mM KH2PO4, 2 mM
2-mercaptoethanol, and 1.3 M ammonium sulfate, pH 7.0.
The final purification step involved the use of hydrophobic interac-
tion chromatography employing a phenyl-Sepharose column (1 3 28
cm) that was pre-equilibrated with a buffer solution of 40 mM KH2PO4,
2 mM 2-mercaptoethanol, and 1.3 M ammonium sulfate, pH 7.0. The
protein was loaded onto the column and washed with the same buffer
solution to remove any unbound proteins. The protein was then eluted
using a 110-ml linear gradient of 40 mM KH2PO4, 2 mM 2-mercaptoeth-
anol, 1.3 M ammonium sulfate, pH 7.0, to 40 mM KH2PO4, 2 mM 2-mer-
captoethanol, pH 7.0. Fractions containing greater than 98% pure pro-
tein, as determined by SDS-PAGE, were pooled and concentrated.
Purification of the M. jannaschii PyrI Gene Product —A 2-liter cell
culture was centrifuged at 4,500 3 g for 20 min, and the pellet was
resuspended in 16 ml of ice-cold 0.1 M Tris-Cl, 0.1 mM zinc acetate
buffer, pH 9.2. After sonication to lyse the cells, the mixture was
centrifuged at 31,000 3 g for 20 min. The supernatant was brought to
65% saturation of ammonium sulfate, after which it was centrifuged at
31,000 3 g for 15 min. The pellet was dissolved and dialyzed 2 times in
4 liters of 40 mM KH2PO4, 2-mercaptoethanol, 0.1 mM zinc acetate
buffer, pH 7.0. The dialyzed supernatant was again brought to 65%
saturation of ammonium sulfate and centrifuged at 31,000 3 g for 15
min. The pellet was dissolved and dialyzed 2 times in 4 liters of 0.05 M
Tris acetate, 0.1 mM zinc acetate, 2-mercaptoethanol, pH 8.3. The
dialyzed supernatant was then loaded onto a Source-Q anion exchange
column (1 3 6.5 cm) that was pre-equilibrated with a buffer solution of
0.05 M Tris acetate, 0.1 mM zinc acetate, 2-mercaptoethanol, pH 8.3. The
column was then eluted with the same buffer solution to remove any
unbound proteins. The Mj-PyrI gene product was then eluted using a
32.5-ml linear gradient of 0.05 M Tris acetate, 0.1 mM zinc acetate,
2-mercaptoethanol, pH 8.3, to 0.5 M NaCl, 0.05 M Tris acetate, 0.1 mM
zinc acetate, 2-mercaptoethanol, pH 8.3. Fractions containing greater
than 98% pure protein, as determined by SDS-PAGE, were pooled.
Molecular Weight Determination of the Mj-pyrB and Mj-PyrI Gene
Products—The molecular weights of the Mj-PyrB and Mj-PyrI gene
products were determined by gel filtration using a set of molecular
weight standards. A Bio-Prep SE-1000/17 column (0.8 3 30 cm) was
used for the Mj-PyrB gene product and a Bio-Prep SE-100/17 column
(0.8 3 30 cm) was used for the Mj-PyrI gene product. The SE-1000/17
column was equilibrated with 50 mM Tris acetate buffer, 2 mM 2-mer-
captoethanol, pH 8.3 buffer, and the same buffer plus 0.1 mM zinc
acetate was used for the Mj-PyrI gene product. Gel filtration molecular
weight standards were injected, and the proteins were eluted using the
appropriate buffer. Once the column was re-equilibrated with the ap-
propriate column buffer, either 200 ml of a 8 mg/ml solution containing
pure Mj-PyrB gene product or 200 ml of a 4 mg/ml solution containing
partially purified Mj-PyrI gene product was injected onto the column
and eluted with the appropriate column buffer at a flow rate of 0.5
ml/min. Elution of the proteins was monitored by A280, by SDS-PAGE
(20), and by nondenaturing PAGE (21, 22).
Molecular Weight Determination of the M. jannaschii Aspartate
Transcarbamoylase by Sucrose Density Gradient Sedimentation—The
molecular weight of M. jannaschii aspartate transcarbamoylase was
determined using sucrose density gradient sedimentation of a M. jan-
naschii cell-free extract. Approximately 1–2 g of M. jannaschii cells,
kindly provided by Prof. Mary Roberts, Boston College, were resus-
pended in 2 ml of 0.1 M Tris-Cl buffer, pH 8.0, 1.5 mM EDTA containing
50 mM phenylmethylsulfonyl fluoride, 0.1 mM Pefabloc SC, 1 mg/ml
pepstatin, and 1 mg/ml leupeptin and then sonicated to lyse the cells.
The resulting highly viscous solution was treated by slowly adding
bovine pancreatic deoxyribonuclease I (10 mg/ml in 10 mM MgCl2) while
stirring for 20 min at 4 °C. After centrifugation at 22,000 3 g for 40 min,
the supernatant was concentrated in an Amicon Centricon YM-10. This
crude cell extract was layered on top of a 4-ml 6–30% preformed sucrose
gradient in 0.05 M Tris acetate buffer, pH 8.3. A standard was also
prepared by layering 10 ml of 1 mg/ml purified E. coli catalytic subunit
and 10 ml of 1 mg/ml purified E. coli holoenzyme on top of another
identical sucrose gradient. By using a Beckman SW 55 Ti rotor, these
two tubes were spun at 80,000 3 g for 14 h in a Beckman L-70
ultracentrifuge. Immediately after centrifugation, the gradients were
fractionated using a Brandel model BR-184-1 fractionator. Fractions of
100 ml were collected and were assayed for aspartate transcarbamoy-
lase activity using the colorimetric assay at 37 °C.
Thermal Stability of the M. jannaschii Aspartate Transcarbamoy-
lase—The thermal stability of the M. jannaschii and E. coli PyrB gene
products were compared. Samples of the M. jannaschii and E. coli PyrB
gene products at 0.5 mg/ml were heated at 75 °C as a function of time.
At each time point an aliquot was rapidly chilled and stored at 4 °C
followed by determination of enzymatic activity.
Determination of Protein Concentration—The concentrations of the
E. coli wild-type holoenzyme, catalytic subunit, and regulatory subunit
were determined from absorbance measurements at 280 nm using
extinction coefficients of 0.59, 0.72, and 0.32 cm2 mg21, respectively
(23). The concentrations of the Mj-PyrB and Mj-PyrI gene products
were determined by the Bio-Rad version of the Bradford dye-binding
assay (24).
Determination of Aspartate Transcarbamoylase Activity—Aspartate
transcarbamoylase activity was measured by the colorimetric method
(25) or by the pH-stat method (26) using a Radiometer-Copenhagen
PHM290 titrator and an ABU901 autoburette. Aspartate saturation
curves were performed in duplicate at a highly saturating concentration
of carbamoyl phosphate, and data points shown in the figures are the
average values. Colorimetric assays as a function of temperature were
performed in 50 mM Tris acetate buffer, pH 8.3, taking into account the
large DpH/°C dependence of Tris buffer. At temperatures of 45 °C and
higher, assays were carried out for short times (3–5 min) due to the
thermal instability of carbamoyl phosphate as well as the accelerated
rate of the uncatalyzed reaction. Because of the high rate of the uncata-
lyzed reaction and the thermal instability of carbamoyl phosphate (t1⁄2 5
3.5 min at 55 °C), accurate kinetic data could not be obtained at tem-
peratures greater than 55 °C. Data analysis of the steady-state kinetics
was carried out as described previously (27).
Homology Modeling of Mj-PyrB and Mj-PyrI Gene Products—The
program Swiss-Model (28, 29) was used to generate the homology mod-
els of the Mj-PyrB and Mj-PyrI gene products using the catalytic and
regulatory chains of the E. coli aspartate transcarbamoylase as the
initial model. The program employs ProModII (30) to generate the
models and Gromos96 to perform the energy minimization.
The amino acid sequences of the Mj-PyrB and Mj-PyrI gene products
were obtained from GenBankTM, accession numbers Q58976 and
Q58801, respectively. The homology modeling template was the Protein
Data Bank code 1D09, which is the recent 2.1-Å structure of aspartate
transcarbamoylase in the presence of the bisubstrate analog N-phos-
phonacetyl-L-aspartate (31). The A and B chains of code 1D09 were used
to model the Mj-PyrB and Mj-PyrI gene products, respectively.
The initial model created using the “First Approach” mode was
examined using the Swiss-Protein Data Bank Viewer, and adjustments
were made to the sequence alignment to improve the alignment of
residues known to be functionally important in the corresponding E.
coli protein. The model was then resubmitted to Swiss-Model using the
“Optimize” mode. Final analysis of the models was performed in
QUANTA (Molecular Simulations, Inc.).
RESULTS AND DISCUSSION
Construction of Plasmids for the Expression of the Mj-pyrB
and Mj-pyrI Genes—Two separate approaches were taken in
order to express the Mj-PyrB and Mj-PyrI gene products. The
first was to place the M. jannaschii genes under the control of
the E. coli pyrBI promoter in an approach similar to that used
to express the B. subtilis aspartate transcarbamoylase in E.
coli (13). The second was to place the M. jannaschii genes
under the control of the bacteriophage T7 promoter using the
pET plasmid system of Studier et al. (15).
The DNA encoding the Mj-pyrB and Mj-pyrI genes were
isolated from plasmids AMJPK84 and AMJAE67, respectively
(8). Since both of the expression systems require an NdeI site at
the initiation fMet codon, the required NdeI site as well as an
additional restriction site (SacI) after the 39 end of the coding
region were introduced using PCR (12). The NdeI and SacI
sites allowed easy cloning of the Mj-pyrB and Mj-pyrI genes
into both the pyrBI and pET expression systems (see “Experi-
mental Procedures” for details).
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Expression of the Mj-pyrB and Mj-pyrI Genes Products Using
the E. coli pyrBI Promoter—In order to test the levels of protein
expression of the Mj-PyrB and Mj-PyrI gene products under the
control of the pyrBI promoter, the appropriate plasmids
(pEK400 and pEK401) were transformed into the E. coli over-
production strain EK1104 (16). This system, which depends
upon the derepression of the genes of the pyrimidine pathway,
did not produce satisfactory levels of the Mj-PyrI and Mj-PyrB
gene products.
Expression of the Mj-pyrB and Mj-pyrI Genes Using the pET
System—The plasmids pEK406 and pEK407 containing the
Mj-pyrB and Mj-pyrI genes inserted into pET23a were trans-
formed into EK1594 (17). This E. coli strain has a chromosomal
deletion of the pyrB and pyrI genes and a copy of the T7 DNA
polymerase gene inserted into the chromosome under the con-
trol of the inducible lac promoter. As seen in Fig. 2, the expres-
sion of the Mj-PyrB gene product was poor in this system,
whereas substantial amounts of the Mj-PyrI gene product were
produced, amounting to approximately 15% of the total cellular
protein.
Expression of Mj-PyrB and Mj-PyrI Gene Products Using the
pET System in the Presence of pSJS1240—Kim et al. (18)
reported that the expression of archaeal proteins in E. coli is
often poor due to differences in codon usage between archaea
and E. coli. For example, the codons ATA, AGA, and AGG are
found in high abundance in archaeal genes but are rare in E.
coli genes. By enhancing the levels of certain low abundance
tRNAs (argU, which codes for ATA, and ileX, which codes for
AGA and AGG) in E. coli, the level of archaeal protein expres-
sion can be enhanced (18). In the case of the Mj-pyrB gene there
are 31 of these rare codons, whereas in the Mj-pyrI gene there
are only 9.
When the plasmid pSJS1240, encoding the argU and ileX
tRNAs, was introduced into the pET Mj-pyrB and Mj-pyrI
expression strains, there was a considerable improvement in
the expression of the Mj-PyrB gene product, whereas the Mj-
PyrI gene product was enhanced little if at all (see Fig. 2). This
difference may be directly related to the relative numbers of
rare codons found in each of the two genes. The combination of
the pET expression system along with the enhancement of the
rare tRNA pools thus provides a useful method for overproduc-
tion of both the Mj-PyrB and Mj-PyrI gene products in E. coli.
Catalytic Activity of the Mj-PyrB and Mj-PyrI Gene Prod-
ucts—In order to determine whether the Mj-PyrB or Mj-PyrI
gene products exhibited aspartate transcarbamoylase activity,
crude cell extracts were analyzed using the highly sensitive
colorimetric assay (25). Crude cell extracts containing the Mj-
PyrB gene product expressed in E. coli exhibited considerable
aspartate transcarbamoylase activity (data not shown). In ex-
tracts of cells without the plasmid containing the Mj-pyrB gene
or with the Mj-pyrI gene, no aspartate transcarbamoylase ac-
tivity could be detected (data not shown). These data indicate
that the Mj-PyrB gene product is sufficient for aspartate
transcarbamoylase activity, just as the corresponding PyrB
gene product from E. coli is catalytically active even in the
absence of the PyrI gene product.
Purification of the Mj-PyrB Gene Product—As seen in Fig. 3,
lane B, the Mj-PyrB gene product is highly overexpressed in
the presence of enhanced tRNA pools. A purification procedure
for the Mj-PyrB gene product was developed taking advantage
of the expected thermal stability of the protein. After the cells
were broken open by sonication and centrifuged to remove cell
debris, ammonium sulfate was added to 30% saturation fol-
lowed by a 15-min, 90 °C heat treatment. Negligible loss of
enzymatic activity and a 2-fold purification were observed (Fig.
3, lane C). The heat step was followed by two chromatography
steps (Fig. 3, lanes D and E), the first employing anion ex-
change chromatography (Q-Sepharose Fast Flow) and the sec-
ond employing hydrophobic interaction chromatography (phe-
nyl-Sepharose). The overall protein purification procedure
resulted in a 5.9-fold purification, negligible loss of enzyme
activity, and greater than 98% pure Mj-PyrB gene product (see
Table I and Fig. 3, lane E).
Thermal Stability of the M. jannaschii PyrB Gene Product—
Given the fact that the optimal growth temperature of M.
jannaschii is 85 °C as compared with 37 °C for E. coli, a com-
parison of the thermal stabilities of the PyrB gene products was
carried out. As seen in Fig. 4, the M. jannaschii PyrB gene
product is substantially more stable than the E. coli catalytic
subunit. At 75 °C half of the initial catalytic activity of the E.
coli catalytic subunit was lost in less than 1 min. On the other
hand, the M. jannaschii PyrB gene product retained 75% of its
activity after 60 min at the same temperature. The heat sta-
bility of the M. jannaschii PyrB gene product is very sensitive
to the conditions used. In the heat step of the purification
(90 °C) almost no reduction in catalytic activity was observed;
however, the thermal stability of the enzyme was greatly en-
hanced by the addition of ammonium sulfate.
Quaternary Structure of the Mj-PyrB and Mj-PyrI Gene Prod-
FIG. 2. Expression of the recombinant Mj-PyrB and Mj-PyrI
gene products in the E. coli pET system. Plasmids pEK406 and
pEK407 were transformed into strain EK1594 and used for the expres-
sion of the Mj-PyrB and Mj-PyrI gene products. To test for utilization of
rare tRNAs, these strains were co-transformed with pSJS1240. Crude
cell extracts were applied to a 15% SDS-polyacrylamide gel. Lane A
represents the expression of the Mj-PyrB gene product in the absence
(2) or presence (1) of the plasmid pSJS1240. Lane B represents the
expression of the Mj-PyrI gene product in the absence (2) or presence
(1) of the plasmid pSJS1240.
FIG. 3. Purification of the Mj-PyrB gene product. The steps in
the purification protocol were monitored by SDS-polyacrylamide gel
electrophoresis. Lane A, molecular weight markers; lane B, combined
crude cell extract; lane C, after the heat purification step; lane D, after
Q-Sepharose anion exchange chromatography; lane E, after phenyl-
Sepharose chromatography. For lanes B–E, the loading was based on
equivalent catalytic activity of aspartate transcarbamoylase.
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ucts—The genomic organizations of the Mj-pyrB and Mj-pyrI
and the E. coli pyrB and pyrI genes differ substantially. In E.
coli, the two genes are contiguous, separated by only 12 base
pairs. In contrast, the Mj-pyrB and Mj-pyrI genes are sepa-
rated by 200,000 base pairs of intervening sequence. Further-
more, the genomic organization of the Mj-pyrB and Mj-pyrI
genes suggest that they are regulated by separate promoters,
whereas the E. coli pyrB and pyrI genes are regulated as a
single pyrBI operon. The striking differences in genomic orga-
nization between these two organisms are difficult to assess in
terms of physiological or evolutionary significance. Indeed, it
has not been determined whether the Mj-PyrB and Mj-PyrI
gene products are expressed differentially or concerted. The
high degree of conservation between the M. jannaschii and E.
coli pyrB and pyrI sequences, especially between residues char-
acterized as important for quaternary structure formation in E.
coli aspartate transcarbamoylase, led us to expect the quater-
nary structure of M. jannaschii aspartate transcarbamoylase
would be similar to that found in E. coli.
In order to determine whether the Mj-PyrB and Mj-PyrI gene
products exist as monomers or higher order species, a molecu-
lar weight analysis was performed by gel filtration. The molec-
ular masses of the Mj-PyrB and Mj-PyrI gene products were
determined against a set of standards and found to be 129 and
32 kDa, respectively. The monomer molecular masses of the
Mj-PyrB and Mj-PyrI gene products were determined by SDS-
PAGE analysis to be 37 and 17 kDa, respectively. These values
compared favorably with the theoretical molecular masses of
33.7 and 17 kDa as calculated from the primary amino acid
sequences. These data indicate that the Mj-PyrB gene product
associates as a trimer and that the Mj-PyrI gene product asso-
ciates as a dimer. The trimeric structure of the Mj-PyrB gene
product and the dimeric structure of the Mj-PyrI gene product
is consistent with structures of other class B aspartate
transcarbamoylases.
Quaternary Structure of M. jannaschii Aspartate Transcar-
bamoylase—The above data suggest that the M. jannaschii
aspartate transcarbamoylase is organized in the class B form.
To test this hypothesis, the quaternary structure of the M.
jannaschii aspartate transcarbamoylase that exists in vivo was
determined directly from an M. jannaschii cell-free extract,
using sucrose density gradient sedimentation.
After centrifugation through the sucrose density gradient,
the M. jannaschii cell-free extract was fractionated, and each
fraction was assayed for aspartate transcarbamoylase activity.
As standards, a mixture of the catalytic subunit and the ho-
loenzyme of E. coli aspartate transcarbamoylase were centri-
fuged through an identical sucrose gradient, fractionated, and
assayed for activity. As seen in Fig. 5, the peak aspartate
transcarbamoylase activity in the M. jannaschii crude cell-free
extract sedimented at a position almost identical to that of the
E. coli holoenzyme. These results are consistent with the notion
that the Mj-PyrB and Mj-PyrI gene products associate to form
a quaternary structure similar to that observed for the class B
aspartate transcarbamoylases, such as the E. coli holoenzyme.
In further support of this notion, preliminary experiments
have demonstrated that mixing the purified Mj-PyrB gene
product and partially purified Mj-PyrI gene product results in
the formation of a quaternary structure similar in mass to the
E. coli holoenzyme. However, the in vitro reconstituted M.
jannaschii holoenzyme was extremely difficult to manipulate
due to very limited solubility of the newly formed holoenzyme.
Future experiments are planned to optimize conditions for the
in vitro reconstitution of the M. jannaschii holoenzyme. Nev-
ertheless, in vivo and in vitro studies indicate that the Mj-PyrB
and Mj-PyrI gene products assemble to form an aspartate
transcarbamoylase of the class B type.
Homotropic and Heterotropic Interactions of the M. jann-
aschii Aspartate Transcarbamoylase—Preliminary experi-
ments were performed on the M. jannaschii aspartate transcar-
bamoylase partially purified by sucrose density gradient
centrifugation from M. jannaschii cell extracts. Aspartate sat-
uration curves at 37 °C revealed that at saturating concentra-
tions of carbamoyl phosphate homotropic cooperativity with
respect to aspartate was observed, although the value of the
Hill coefficient was less than that observed for the E. coli
enzyme. On the other hand, at subsaturating concentrations of
TABLE I
Purification of the M. jannaschii asparate
transcarbamoylase catalytic trimer
Step Proteinconcentration Activity
a Total
Protein Activity Purification
mg/ml units mg units/
mg
-fold
Sonicate 4.55 4704 404 11.5
Heat 1.84 4607 220 20.9 1.8
Q-Sepharose 1.07 3877 91 42.7 3.7
Phenyl-
Sepharose
1.24 4007 58 69.1 5.9
a A unit of activity is defined as 1 mmol of carbamoyl aspartate formed
per min. Activity measurements were carried out by the pH-stat
method (25) at 25 °C with 30 mM aspartate and 4.8 mM carbamoyl
phosphate.
FIG. 4. Comparison of the thermal stability of the M. jann-
aschii and E. coli PyrB gene products. Solutions of the M. jann-
aschii (l ) and E. coli (E) PyrB gene products at 0.5 mg/ml were heated
in 40 mM KH2PO4, 2 mM 2-mercaptoethanol, 0.2 mM EDTA, pH 7.0.
Samples were removed at the indicated times and immediately chilled
on ice. Enzymatic activity was determined by the colorimetric assay.
FIG. 5. Fractionation of a cell-free extract of M. jannaschii by
sucrose density gradient sedimentation. The graph represents the
relative aspartate transcarbamoylase activity of the fractionated cell-
free extract of M. jannaschii (E) as compared with standards comprised
of a mixture of the E. coli catalytic subunit (C3) and holoenzyme (C6R6)
(). See under “Experimental Procedures” for additional details.
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aspartate, ATP and CTP did not influence the activity of the
enzyme (data not shown). Because of the crude enzyme prepa-
ration used, we consider these results tentative until a more
highly purified preparation of the M. jannaschii aspartate
transcarbamoylase can be tested. The extent of the homotropic
and heterotropic interactions must also be evaluated at higher
temperatures closer to the optimal growth temperature of M.
jannaschii.
A Model of the Three-dimensional Structure of the Mj-PyrB
and Mj-PyrI Gene Products—As seen in Fig. 1, the PyrB gene
products from M. jannaschii and E. coli are extremely homol-
ogous, exhibiting 47% identity and 67% similarity, suggesting
that they arose from a common ancestral gene. Residues deter-
mined to be critical for catalytic activity in the E. coli enzyme
(32), including Ser52,3 Arg54, Thr55, Arg105, His134, Gln137,
Arg167, Arg229, Gln231, Ser80, and Lys84 are all conserved in the
Mj-PyrB gene product. As Ser80 and Lys84 are donated into the
active site of one catalytic chain from an adjacent catalytic
chain in E. coli, the conservation of these residues suggests
that the active site in the Mj-PyrB gene product is also at the
interface between chains and is shared.
Interactions important for trimer stability such as the C1-
C24 interchain interactions, Glu37–Lys40 (33), Arg54–Glu86
(34), Arg54–Tyr98, Arg65–Tyr98, Arg65–Asp100 (33), and Asp90–
Arg269 (33) are all conserved. All residues involved in stabili-
zation of the interface between two catalytic chains donated by
different trimers, the C1-C4 interface, are conserved, including
Lys164, Tyr165 (35), Glu233 (36), Arg234 (37), Glu239 (38), Tyr240
(39), and Asp271 (37).
The conservation of the Mj-PyrI gene product is slightly
lower than that observed for the Mj-PyrB gene product with
35% identity and 52% similarity to the E. coli regulatory chain
sequence (see Fig. 1). The residues that comprise the zinc-
binding site, Cys109, Cys114, Cys138, and Cys141 are all con-
served, strongly suggesting that this site is retained in the
Mj-PyrI gene product. In the nucleotide effector binding site, all
residues that interact with nucleotides via side chain interac-
tions are conserved, including Asp19 (40), His20 (40), Lys60 (41),
and Lys94 (42), suggesting that the Mj-PyrI gene product has a
nucleotide-binding site.
In the interface between one catalytic chain in the top and
one regulatory chain in the bottom of the molecule, the C1-R4
interface, the critical interface-stabilizing interaction between
Lys143 (43) and Asp236 (44) is also conserved. In addition, many
of the stabilizing interactions of the C1-R1 interface are also
conserved. The only departure from interface residue conser-
vation is in the R1-R6 interface, between the two regulatory
chains of a dimer. Little of this interface is conserved; however,
many of these interactions are backbone in nature and there-
fore do not rely on the nature of the specific side chains.
Fig. 6A is a three-dimensional model of the Mj-PyrB gene
product derived from the x-ray structural data for one catalytic
chain of the E. coli enzyme. Fig. 6B shows a three-dimensional
model of the Mj-PyrI gene product derived from the x-ray
structural data for one regulatory chain of the E. coli enzyme.
The models of both the Mj-PyrB and Mj-PyrI gene products are
overall extremely similar to the corresponding proteins from E.
coli. Small insertions and deletions are located on surface loops
such as the 20-, 80-, and 240-s loop of the Mj-PyrB gene product
and the 30- and 130-s loops of the Mj-PyrI gene products. Since
the 80- and 240-s loops of the E. coli catalytic chain are impor-
tant for catalysis and homotropic cooperativity, the observed
alterations in these loops may result in alterations in these
properties of the M. jannaschii enzyme. The modeling of the
PyrB and PyrI gene products as well as the conservation of
functionally critical amino acid side chains suggest that the M.
jannaschii and E. coli enzymes catalyze the transcarbamoylase
3 The residue numbering is based on the E. coli amino acid sequence.
4 Within the E. coli holoenzyme, the catalytic chains of the top cata-
lytic trimer are numbered C1, C2, and C3, whereas the catalytic chains
of the bottom catalytic trimer are numbered C4, C5, and C6, with C4
under C1. The regulatory dimers contain chains R1–R6, R2–R5, and
R3–R6. A regulatory chain is in direct contact with the same numbered
catalytic chain.
FIG. 6. Homology models of the Mj-
PyrB and Mj-PyrI gene products. The
homology models were calculated using
Swiss-Model (29). A, stereoview of the ho-
mology model of the Mj-PyrB gene prod-
uct (dark lines) overlaid onto the three-
dimensional structure of the E. coli
catalytic chain (outline) (Protein Data
Bank code 1D09, A chain). B, stereoview
of the homology model of the Mj-PyrI gene
product (dark lines) overlaid onto the
three-dimensional structure of the E. coli
regulatory chain (outline) (Protein Data
Bank code 1D09, B chain). This figure
was drawn with the program SETOR (47).
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reaction by a similar mechanism and have a similar tertiary
structure.
Comparison of the Amino Acid Sequence of the M. jannaschii
and E. coli PyrB and PyrI Gene Products—There are several
major differences in the amino acid composition of the M.
jannaschii and E. coli PyrB and PyrI gene products. The per-
cent of the large hydrophobic residue Ile and the charged res-
idues Lys and Glu are all substantially higher in the PyrB and
PyrI gene products of M. jannaschii as compared with the
corresponding E. coli proteins. There is also a large decrease in
the percent of Ala residues. A pairwise alignment of the de-
duced amino acid sequences between the two species indicated
that the increased number of Ile residues found in the M.
jannaschii PyrB and PyrI gene products largely corresponds to
either a Val or Leu replacement in the PyrB and PyrI gene
products. The increased incidence of the hydrophobic Ile resi-
dues in the M. jannaschii gene products occurred primarily
within the hydrophobic core as deduced from the homology
model. Overall, there is a 7 and 6% increase in the number of
hydrophobic residues in the M. jannaschii PyrB and PyrI gene
products, respectively, as compared with the corresponding E.
coli proteins.
The increased incidence of charged residues, Lys and Glu, in
the M. jannaschii PyrB and PyrI gene products is significant.
In fact, there is a 37 and 23% increase in the number of charged
residues that comprise the PyrB and PyrI gene products, re-
spectively, as compared with the corresponding E. coli proteins.
A pairwise alignment of the deduced amino acid sequences
between the two species indicated that the increased number of
charged residues found in the M. jannaschii corresponds to the
replacement of either Ala or charged residues other than Lys or
Glu in the E. coli sequence. The homology model of the M.
jannaschii PyrB and PyrI gene products indicated that nearly
all of the charged residues are exposed to solvent.
Structural studies of proteins from thermophilic organisms
have led to characteristics that may be important in defining
protein structural stability. Factors such as an increase in ionic
bonds, core protein hydrophobic interactions, and the number
of bulkier hydrophobic residues have been characterized in
thermostable enzymes. Other factors include a decrease in the
number of thermolabile residues such as Trp, Gln, Asn, and
Cys and an increase in the number of Pro residues (9, 45).
Furthermore, structural studies have demonstrated that pro-
tein stabilization is enhanced by electrostatic interactions be-
tween an aspartic acid side chain at position N-2 of an a-helix
with the positive charge at the end of the a-helix (45). For
instance, aspartic acid substitutions occur at position N-2 of the
putative a-H2 of the M. jannaschii regulatory chain and a-H7
and -8 of the catalytic chain as deduced from amino acid se-
quence and modeling analysis as compared with the E. coli
counterpart. The thermostability of the M. jannaschii PyrB
gene product may be partially attributed to these substitutions.
Other factors may include the decreased number of Trp, Gln,
Asn, and Cys residues and the increased number of proline and
bulkier hydrophobic residues.
Steady-state Kinetics of the Mj-PyrB Gene Product—A
steady-state kinetic analysis was performed on the purified
Mj-catalytic trimer. Initial characterization of the Mj-catalytic
trimer was carried out at 25 °C. At this temperature, the Mj-
catalytic trimer exhibited Michaelis-Menten kinetics with a
maximal velocity 4.6-fold lower and a Km value of aspartate
5.8-fold higher than the E. coli catalytic trimer (see Table II).
The temperature dependence of the Mj-catalytic trimer enzy-
matic activity was also investigated. At all temperatures
tested, the aspartate saturation curves were hyperbolic. The E.
coli catalytic trimer demonstrated a significantly higher max-
FIG. 7. Arrhenius plot of the M. jannaschii (M) and the E. coli
(E) catalytic trimers. Colorimetric assays were performed in 0.05 M
Tris acetate buffer, pH 8.3, at a saturating concentration of carbamoyl
phosphate (4.8 mM). Error bars correspond to the standard deviation of
two or more determinations.
TABLE II
Kinetic parameters of the M. jannaschii and E. coli catalytic trimer at pH 8.3
Temperature
M. jannaschii E. coli
Maximal velocitya Km Maximal velocity Km
°C units/mg mM units/mg mM
Aspartate saturationb
5 NDc ND 138 6 5.0 1.8 6 0.08
15 68 6 3.3d 40.4 6 5.0 343 6 33 3.1 6 0.07
25 103 6 5.0 34.6 6 2.0 473 6 48 6.0 6 0.5
35 ND ND 1013 6 107 20.9 6 2.8
37 283 6 38.3 18.2 6 1.0 ND ND
45 ND ND 1337 6 273 39.1 6 8.4
55 735 6 105 10.9 6 7.0 ND ND
Carbamoyl phosphate saturatione
25 97 6 16.7 88 6 1.0 473f 20f
37 278 6 46.7 162 6 22 ND ND
a The maximal velocity represents the maximal observed specific activity from the aspartate saturation curve.
b These data were determined from aspartate saturation curves. Colorimetric assays were performed in 0.05 M Tris acetate buffer, pH 8.3, at
saturating concentrations of carbamoyl phosphate (4.8 mM).
c The kinetic parameters at these temperatures were not determined.
d Average deviation of at least three determinations.
e These data were determined from the carbamoyl phosphate saturation curves. Colorimetric assays were performed in 0.05 M Tris acetate buffer,
pH 8.3, and saturating concentrations of aspartate corresponding to four times the half-saturation of aspartate.
f Data taken from Stebbins et al. (46).
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imal velocity as compared with that of the Mj-catalytic trimer
at all temperatures tested.
Based on the maximal observed specific activities, the acti-
vation energy of the transcarbamoylase reaction was calculated
to be 9.4 6 0.5 and 8.6 6 0.5 kcal/mol for the Mj-catalytic trimer
and E. coli catalytic trimer, respectively (Fig. 7). The near
equivalence of the two activation energies implies that the
rate-limiting step for the Mj-catalytic trimer and the E. coli
catalytic trimer are likely the same.
Whereas both M. jannaschii and E. coli catalytic trimers
demonstrate catalytic conservation and increased maximal ve-
locity as a function of temperature, binding of substrate to the
enzymes follows opposite trends. The Km value of aspartate for
the Mj-catalytic trimer decreases as a function of temperature
and, in contrast, the Km value of aspartate for the E. coli
catalytic trimer increases as a function of temperature. Al-
though the activation energies are nearly equivalent for both
enzymes, the differences found between Km of aspartate and
maximal velocity may have evolved independently of the cata-
lytic mechanism in order to optimize enzymatic function in the
cellular environs of each organism.
In this work we have compared the aspartate transcar-
bamoylases from E. coli and M. jannaschii. These two organ-
isms are evolutionarily distant, yet their aspartate transcar-
bamoylases are remarkably similar. Further study of the M.
jannaschii enzyme should provide insight into the means of its
extreme heat stability and further elucidate the mechanisms of
the homotropic and heterotropic properties of aspartate
transcarbamoylase.
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Homotropic cooperativity in Escherichia coli aspar-
tate transcarbamoylase results from the substrate-in-
duced transition from the T to the R state. These two
alternate states are stabilized by a series of interdomain
and intersubunit interactions. The salt link between
Lys-143 of the regulatory chain and Asp-236 of the cata-
lytic chain is only observed in the T state. When Asp-236
is replaced by alanine the resulting enzyme exhibits full
activity, enhanced affinity for aspartate, no cooperativ-
ity, and no heterotropic interactions. These character-
istics are consistent with an enzyme locked in the func-
tional R state. Using small angle x-ray scattering, the
structural consequences of the D236A mutant were
characterized. The unliganded D236A holoenzyme ap-
pears to be in a new structural state that is neither T, R,
nor a mixture of T and R states. The structure of the
native D236A holoenzyme is similar to that previously
reported for another mutant holoenzyme (E239Q) that
also lacks intersubunit interactions. A hybrid version of
aspartate transcarbamoylase in which one catalytic
subunit was wild-type and the other had the D236A mu-
tation was also investigated. The hybrid holoenzyme,
with three of the six possible interactions involving Asp-
236, exhibited homotropic cooperativity, and hetero-
tropic interactions consistent with an enzyme with both
T and R functional states. Small angle x-ray scattering
analysis of the unligated hybrid indicated that the en-
zyme was in a new structural state more similar to the T
than to the R state of the wild-type enzyme. These data
suggest that three of the six intersubunit interactions
involving D236A are sufficient to stabilize a T-like state
of the enzyme and allow for an allosteric transition.
Escherichia coli aspartate transcarbamoylase (EC 2.1.3.2)
catalyzes the committed step of pyrimidine biosynthesis, the
condensation of carbamoyl phosphate and L-aspartate to form
N-carbamoyl-L-aspartate and inorganic phosphate (2). The en-
zyme shows homotropic cooperativity for the substrate L-aspar-
tate and is heterotropically regulated by ATP, CTP (2), and
UTP in the presence of CTP (3). The enzyme from E. coli is a
dodecamer composed of six catalytic chains of Mr 34,000 and six
regulatory chains of Mr 17,000. The catalytic chains are orga-
nized as two trimeric subunits (C),1 whereas the regulatory
chains are organized as three dimeric subunits (R). The active
sites are located at the interfaces between adjacent catalytic
chains, whereas the nucleotide effectors bind to the same site
on each of the regulatory chains (4–8).
Two functionally and structurally different states of aspar-
tate transcarbamoylase have been characterized. The low af-
finity, low activity conformation of the enzyme is described as
the T state and the high affinity, high activity conformation of
the enzyme is described as the R state. The conversion from the
T to the R state occurs upon aspartate binding to the enzyme in
the presence of carbamoyl phosphate. Structurally, the enzyme
elongates by at least 11 Å along the 3-fold axis, the upper
catalytic trimer rotates 10° relative to the lower trimer, and the
regulatory dimers rotate 15° around the 2-fold axes (9, 10). In
addition to these quaternary changes, several tertiary changes
also occur during the T to R state transition. In particular, the
80s and 240s loops reorient. The distinct interchain contacts of
side chains of the 240s loop in the T and R states have been
identified as being the major contributors to the stabilization of
the T and R states (11).
The manifestation of homotropic cooperativity in aspartate
transcarbamoylase results from the substrate-induced transi-
tion from the T state to the R state. These two alternate
structural and functional states are stabilized by a series of
interdomain and intersubunit interactions. For example, the
two domains of the catalytic chain are stabilized in their do-
main-closed R conformation by stabilizing interactions between
Glu-50 of the carbamoyl phosphate domain to Arg-167 and
Arg-229 of the aspartate domain (Fig. 1). These interdomain
bridging interactions are critical for the formation and stabili-
* This work was supported by National Institutes of Health Grant
GM26237. The Stanford Synchrotron Radiation Laboratory is operated
by the Department of Energy, Office of Basic Energy Sciences, and
supported by the National Institutes of Health, National Center for
Research Resources Grant P41RR01209, and by the Department of
Energy, Office of Biological and Environmental Research. The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom all correspondence and reprint requests should be ad-
dressed: Dept. of Chemistry, Boston College, Merkert Chemistry Cen-
ter, Chestnut Hill, MA 02467. E-mail: evan.kantrowitz@bc.edu.
1 The abbreviations used are: C, catalytic subunit of aspartate tran-
scarbamoylase composed of three catalytic chains; R, regulatory sub-
unit of aspartate transcarbamoylase composed of two regulatory chains;
PALA, N-(phosphonoacetyl)-L-aspartate; [Asp]0.5, the aspartate concen-
tration at half-maximal observed specific activity; AT-C, the mutant
catalytic subunit in which 6 aspartate residues have been added to the
C terminus of each catalytic chain; (AT-C)2R3, the reconstituted mutant
holoenzyme in which 6 aspartate residues have been added to the C
terminus of each catalytic chain; (D236A-C)2R3, reconstituted mutant
holoenzyme with Ala substituted in place of Asp-236 in each catalytic
chain; (D236A-C)(AT-C)R3, mutant hybrid holoenzyme in which one
catalytic subunit has Ala substituted in place of Asp-236 in each cata-
lytic chain and the other catalytic subunit has 6 aspartate residues
added to the C terminus of each catalytic chain; native D236A holoen-
zyme, the aspartate transcarbamoylase holoenzyme in which each of
the Asp-236 residues in the catalytic chains has been replaced by
alanine (this enzyme was not produced by reconstitution and is equiv-
alent to that previously reported (1)); SAXS, small angle X-ray scatter-
ing. A similar set of abbreviations is used for the holoenzyme and hybrid
with the E239Q mutation.
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zation of the R state of the enzyme (11). Interactions between
catalytic chains in different catalytic subunits play an impor-
tant role in T state stabilization. When the links between
Glu-239c12 and both Lys-164c4 and Tyr-165c4 are disrupted,
the T state of the enzyme is no longer stable, resulting in the
formation of a stable intermediate structural state (12). Links
between the catalytic and regulatory subunits are also impor-
tant for T state structural stabilization (Fig. 1). For example,
breaking of the link between Lys-143r1 and Asp-236c4 results
in an enzyme with full activity, enhanced affinity for aspartate,
no cooperativity, no activation by ATP, and minimal inhibition
by CTP (13, 14). These functional characteristics are consistent
with an enzyme locked in the functional R state. Here we
characterize structurally the D236A holoenzyme and charac-
terize both functionally and structurally a hybrid version of
aspartate transcarbamoylase that has only three of the six
possible intersubunit interactions between Lys-143r and Asp-
236c, to more fully understand the functional role of the inter-
actions between the catalytic and regulatory chains of aspar-
tate transcarbamoylase.
EXPERIMENTAL PROCEDURES
Materials—Agarose, ATP, CTP, L-aspartate, N-carbamoyl-L-aspar-
tate, potassium dihydrogen phosphate, and uracil were obtained from
Sigma. Ampicillin, Tris, Q-Sepharose fast flow resin, and Source Q
resin were purchased from Amersham Biosciences. UNO Q-1, protein
assay dye, and sodium dodecyl sulfate were purchased from Bio-Rad.
Carbamoyl phosphate dilithium salt, obtained from Sigma, was purified
before use by precipitation from 50% (v/v) ethanol and was stored
desiccated at 20 °C (2). Casamino acids, yeast extract, and tryptone
were obtained from Difco. Ammonium sulfate and electrophoresis grade
acrylamide were purchased from ICN Biomedicals. Antipyrine was
obtained from Fisher.
Overexpression and Purification of the Aspartate Transcarbamoylase
Wild-type and Mutant Catalytic Subunits—The aspartate transcar-
bamoylase wild-type, AT-C, and D236A-C catalytic subunits were over-
expressed utilizing strain EK1104 (F ara, thi, (pro-lac), pyrB,
pyrF, rpsL) (15) containing plasmids pEK17 (15), pEK357 (16), and
pEK116 (13), respectively. Bacteria were cultured at 37 °C with agita-
tion in M9 media (17) containing 0.5% casamino acids, 12 g/ml uracil,
and 150 g/ml ampicillin. Cells were harvested and resuspended in 0.1
M Tris-Cl buffer, pH 9.2, followed by sonication to lyse the cells. Two
65% ammonium sulfate fractionation steps were performed. Ion-ex-
change chromatography using Q-Sepharose fast flow resin was used to
purify the enzyme further (18). After concentration, the purity of the
enzymes were checked by SDS-PAGE (19) and nondenaturing PAGE
(20, 21).
Overexpression and Purification of Aspartate Transcarbamoylase
Regulatory Subunit—The aspartate transcarbamoylase regulatory sub-
unit was overexpressed utilizing strain EK1104 containing plasmid
pEK168 (16). Bacteria were cultured at 37 °C with agitation in M9
media containing 0.5% casamino acids, 12 g/ml uracil, and 150 g/ml
ampicillin. Cells were harvested and resuspended in 0.1 M Tris-Cl
buffer, pH 9.2, 0.1 mM zinc chloride followed by sonication to lyse the
cells. The purification of the regulatory subunit was performed as
previously described (16).
2 c or r appended to a residue number specifies the catalytic or
regulatory chains of aspartate transcarbamoylase. A number following
the C or R, e.g. c1, r4, refers to a particular polypeptide chain in
aspartate transcarbamoylase.
FIG. 1. Important intersubunit interactions in the T and R states of aspartate transcarbamoylase. Left, view of the C1 and C4 catalytic
and R1 regulatory chains in the T (top) and R (bottom) states. Right, stereo view close-up of the intersubunit interface region in the T (top) and
R (bottom) states. The orientation is the same as the expanded view on the left. In the T state, Glu-239 interacts with both Lys-164 and Tyr-165
(label omitted for clarity) of the opposite catalytic chain, whereas Asp-236 of the catalytic chain interacts with Lys-143 of the regulatory chain. For
clarity only the C4-R1 interaction is shown.
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Formation and Purification of Reconstituted Mutant Holoenzymes—
Equal amounts of purified D236A-C and AT-C subunits were mixed
with excess regulatory subunit and dialyzed overnight against 50 mM
Tris acetate buffer, pH 8.3, 2 mM 2-mercaptoethanol, and 0.1 mM zinc
acetate (22). The mixture was examined by nondenaturing PAGE to
confirm the formation of the three holoenzyme species, (D236A-C)2R3,
(D236A-C)(AT-C)R3, and (AT-C)2R3. After being verified by nondena-
turing PAGE, the hybrid mixture was dialyzed into phosphate buffer
(40 mM KH2PO4, pH 7.0) at 4 °C in a preparation for separation using
a Source Q anion exchange column (1 8.2 cm). The enzyme was eluted
off the column using a linear salt gradient (40 ml total volume) in
phosphate buffer, 0 to 0.5 M NaCl over 40 min. The fractions were
analyzed by using nondenaturing PAGE. The fractions containing the
hybrid were pooled and concentrated. This pool was redialyzed into
phosphate buffer and repurified a second time on the same Source Q
column to remove trace impurities of the other reconstituted species.
Determination of Protein Concentration—The concentration of the
wild-type holoenzyme, catalytic subunit, and regulatory subunit were
determined from absorbance measurements at 280 nm using extinction
coefficients of 0.59, 0.72, and 0.32 cm2 mg1, respectively (23). The
concentrations of the mutant enzymes were determined by the Bio-Rad
version of the Bradford dye binding assay (24).
Determination of Nucleotide Concentration—The concentrations of
the nucleotides was determined from absorbance measurements at the
max at pH 7.0 using the respective molar extinction coefficients of the
nucleotides.
Aspartate Transcarbamoylase Assay—The aspartate transcarbamoy-
lase activity was measured at 25 °C by the colorimetric method (25).
Saturation curves were performed in duplicate, and data points shown
in the figures are the average values. Assays were performed in 50 mM
Tris acetate buffer, pH 8.3. Data analysis of the steady-state kinetics
was carried out as previously described (26). Fitting of the experimental
data to theoretical equations was accomplished by nonlinear regression.
When substrate inhibition was negligible, data were fit to the Hill
equation. If substrate inhibition was significant, data were analyzed
using an extension of the Hill equation that included a term for sub-
strate inhibition (27). The nucleotide saturation curves were fit to a
hyperbolic binding isotherm by nonlinear regression.
Small angle X-ray Scattering—The small angle x-ray scattering ex-
periments were performed on the Beamline 4-2 at the Stanford Syn-
chrotron Radiation Laboratory (3.0 GeV, 50–100 mA). A significantly
upgraded version of the small angle scattering instrument was used.
The specimen to detector distance was 95 cm, and the x-ray wavelength
was tuned to 1.381 Å using a Si (111) double-crystal monochromator
(28). A linear gas chamber detector filled with a Xe/CO2 mixture was
used in the experiment. Total counting rate on the detector was be-
tween 30,000 and 90,000 counts/s. The scattering curves are expressed
as the momentum transfer h (h  4(sin)/), where 2 and  are the
scattering angle and the wavelength of the x-ray beam, respectively),
which was calibrated using the (100) reflection from a cholesterol my-
ristate powder sample held at the specimen position. Sample solutions
were maintained at 25 °C. All scattering curves were normalized to
incident beam intensity integrated over exposure time, and the corre-
sponding solvent scattering was subtracted. The enzyme solution was
adjusted so all the scattering curves were performed at an identical
protein concentration.
RESULTS
Formation, Purification, and Steady-state Kinetics of
(D236A-C)2R3 and (D236A-C)(AT-C)R3—To produce an aspar-
tate transcarbamoylase with only three of the six Lys-143r–
Asp-236c interactions, a hybrid was constructed that had one
wild-type catalytic subunit and one catalytic subunit with Asp-
236 replaced by alanine (D236A-C). The (D236A-C)(AT-C)R3
hybrid was formed by reconstitution of the holoenzyme from
D236A-C, modified wild-type catalytic subunits (AT-C), and
excess regulatory subunits (R). The isolation of the (D236A-
C)(AT-C)R3 hybrid is made possible because the modified wild-
type catalytic subunits have a six-aspartic acid extension on
the C terminus of each of the catalytic chains that serves as a
chromatrographic handle. We have previously shown that the
addition of these aspartic acid residues does not alter the
kinetics of the catalytic trimer (AT-C) or the holoenzyme
formed upon reconstitution (AT-C)2R3 (16). Hybrid formation
was verified by nondenaturing PAGE and the three resulting
species were purified using anion-exchange chromatography
(see Fig. 2).
Kinetic characterization of the (D236A-C)(AT-C)R3 and
(D236A-C)2R3 holoenzymes were performed (Fig. 3). As shown
in Table I, the reconstituted (D236A-C)2R3 holoenzyme exhib-
its kinetics similar to the native D236A holoenzyme (13). The
aspartate saturation curve of the (D236A-C)2R3 holoenzyme
exhibits no cooperativity with a maximal velocity of 20.3 mmol
h1 mg1 and a Km of 1.1 mM. Under these conditions, sub-
strate inhibition was observed similar to the wild-type en-
zyme. The aspartate saturation curve of the (D236A-C)(AT-
C)R3 hybrid holoenzyme exhibited slight cooperativity (nH 
1.2) with a maximal velocity of 21.6 mmol h1 mg1 and an
[Asp]0.5 of 3.2 mM.
Influence of the Allosteric Effectors—Nucleotide saturation
curves with ATP and CTP were performed on the (AT-C)2R3,
(D236A-C)2R3, and (D236A-C)(AT-C)R3 holoenzymes at one-
half the [Asp]0.5 (Fig. 4). This aspartate concentration was
selected because the nucleotide effects are enhanced at low
aspartate concentrations (29). As was expected from the previ-
ously published results (13), the (D236A-C)2R3 holoenzyme was
not heterotropically activated by ATP and only slightly hetero-
tropically inhibited by CTP. The heterotropic effects of ATP
and CTP on the (AT-C)2R3 holoenzyme were very similar to
those observed for the wild-type holoenzyme (16). For the
(D236A-C)(AT-C)R3 hybrid holoenzyme, the heterotropic ef-
fects were a little less than half of that observed for the wild-
type holoenzyme (see Table II). ATP activated the hybrid 150%,
whereas the residual activity in the presence of CTP was 35%.
The Effect of PALA on the Mutant Holoenzymes—For wild-
type aspartate transcarbamoylase at saturating concentrations
of carbamoyl phosphate and subsaturating concentrations of
aspartate, low concentrations of the bisubstrate analog PALA
are able to substantially activate the enzyme. This activation is
because of the ability of PALA to bind to a substoichiometric
FIG. 2. Separation of (D236A-C)2R3, (D236A-C)(AT-C)R3 hybrid,
and (AT-C)2R3 holoenzymes by anion exchange chromatogra-
phy employing the Bio-Rad Source Q resin. The anion exchange
column was equilibrated using 40 mM KH2PO4 buffer, pH 7.0. A linear
salt gradient from 0 to 0.5 M NaCl in KH2PO4 buffer over a period of 40
min was used to elute the three species off the column. The three
species are: (D236A-C)2R3 (lane 1), (D236A-C)(AT-C)R3 (lane 2), (AT-
C)2R3 (lane 3), and the preinjection mixture (M). The gel is a 6.5%
nondenaturing PAGE.
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number of active sites and shift these enzyme molecules from
the T to the R state. Once the enzyme has been converted to the
R state the active sites that do not have PALA bound have
enhanced activity and aspartate affinity.
As opposed to the wild-type enzyme, PALA is unable to
activate the (D236A-C)(AT-C)R3 holoenzyme at saturating car-
bamoyl phosphate and low levels of aspartate (data not shown).
The inability of PALA to activate the (D236A-C)(AT-C)R3 ho-
loenzyme is consistent with the substantially reduced aspar-
tate cooperativity of the hybrid.
Small Angle X-ray Scattering Experiments—To obtain direct
structural data on the alterations to aspartate transcarbamoy-
lase when the link between Asp-236c and Lys-143r was broken,
small angle x-ray scattering was employed on Beamline 4-2 at
the Stanford Synchrotron Research Laboratory.
Shown in Fig. 5A are the x-ray scattering curves for the
native D236A and wild-type holoenzymes. As has been previ-
ously reported for the wild-type enzyme (30), the addition of
PALA induces a significant alteration in the SAXS pattern of
the unligated wild-type enzyme. PALA induces a major in-
crease in scattering intensity and a shift in both the first
subsidiary maximum and minimum. This alteration in the
SAXS pattern induced by the binding of PALA is characteristic
of the quaternary conformational change between the T and R
states of the wild-type enzyme.
The SAXS pattern of the unligated native D236A holoen-
zyme is distinctly different from that of either the unligated or
PALA-ligated wild-type holoenzyme. The SAXS pattern of the
unligated native D236A holoenzyme exhibits both an increase
in scattering intensity and shifts in both the first subsidiary
maximum and minimum, however, these shifts are not as large
as observed for the wild-type enzyme in the presence of PALA.
The SAXS pattern observed for the unligated native D236A
holoenzyme could arise in two possible ways. First, the unli-
gated native D236A holoenzyme could be in a new structural
state different from either the unligated or PALA-ligated struc-
tures of the wild-type enzyme. Second, the mutation at Asp-236
could have altered the T to R equilibrium in such a fashion that
a significant amount of the two structures are observed at
equilibrium. If a mixture of T and R states was present the
SAXS pattern would correspond to a weighted average of the
SAXS patterns of the two independent structures. We have
attempted to match the structure of the unligated native
D236A holoenzyme using various mixtures of wild-type T state
with wild-type R state, as well as wild-type T state and D236A
R state. However, these attempts have not produced a match to
the observed pattern for the unligated native D236A holoen-
zyme. Therefore, we believe that the unligated D236A holoen-
zyme is in a new structural state unlike either the T or R states
of the wild-type enzyme. However, we consider these results
tentative because of the relatively high noise level in the cur-
rent set of SAXS patterns.
When PALA is added to the native D236A holoenzyme there
is an alteration in the scattering pattern. In fact, the pattern
for the native D236A holoenzyme is very similar to that ob-
served for the wild-type enzyme in the presence of PALA,
suggesting that the R state of the two enzymes is very similar
in quaternary structure.
The SAXS pattern of the (D236A-C)(AT-C)R3 holoenzyme in
the absence of ligands is different from the corresponding pat-
terns of the wild-type and native D236A holoenzymes (see Fig.
5B). The pattern is shifted toward a R structure but not as
much as the native D236A holoenzyme. Again, in this case the
SAXS curve for the (D236A-C)(AT-C)R3 hybrid could not be
reconstructed by a combination of T and R states. When PALA
is added to the (D236A-C)(AT-C)R3 holoenzyme the SAXS pat-
tern is very similar to that observed for the wild-type and
native D236A holoenzymes in the presence of PALA, suggest-
ing that the R state of all these enzymes is very similar. These
data suggest that three Asp-236c/Lys-143r interactions provide
some T-state stabilization.
DISCUSSION
A comparison of the x-ray structures of the T and R states of
aspartate transcarbamoylase reveal a series of interdomain
and intersubunit interactions that appear to stabilize these two
alternate functional and structural states of the enzyme (9)
FIG. 3. Aspartate saturation curves of (D236A-C)2R3 holoen-
zyme (Œ), (D236A-C)(AT-C)R3 hybrid (f), and (AT-C)2R3 holoen-
zyme (). Specific activity is reported in millimoles of N-carbamoyl-L-
aspartate formed per h per mg of protein. Conditions of the assays were
25 °C at saturating concentrations of carbamoyl phosphate (4.8 mM) in
50 mM Tris acetate buffer, pH 8.3.
TABLE I
Kinetic parameters of the reconstituted wild-type and mutant
holoenzymes at pH 8.3
These data were determined from the aspartate saturation curves.
Colorimetric assays were performed at 25 °C, in 50 mM Tris acetate
buffer, pH 8.3, and at a saturating concentration of carbamoyl phos-
phate (4.8 mM).
Enzyme Vmax [Asp]0.5 nH
mmol h1 mg1 mM
(AT-C)2R3
a 19.3  1.8 9.6  0.8 2.6  0.5
(D236A)(AT-C)R3 21.6  3.4 3.2  0.2 1.2  0.1
(D236A-C)2R3 20.3  3.2 1.1  1.1 1.0
a Data from Sakash et al. (16).
FIG. 4. Influence of ATP (A) and CTP (B) on the activity of
(D236A-C)2R3 holoenzyme (Œ), (D236A-C)(AT-C)R3) hybrid (f),
and (AT-C)2R3 holoenzyme (). The colorimetric assays were per-
formed at 25 °C in 50 mM Tris acetate buffer, pH 8.3. The aspartate
concentration was held constant at one-half the [Asp]0.5.
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(see Fig. 1). Site-specific mutagenesis has been used exten-
sively to investigate the functional importance of many of the
interdomain and intersubunit interactions observed in the T
and R state x-ray structures (1, 11, 31–34). Two sets of inter-
actions have been found to be important for the stabilization of
the T state of the enzyme. The best characterized is the inter-
action between Glu-239c1 with both Lys-164c4 and Tyr-165c4
(11, 12, 35). When Glu-239c is replaced by Gln, the resulting
enzyme exhibits full activity, no cooperativity, enhanced affin-
ity for substrates, no activation by ATP, and no inhibition by
CTP (11). Based upon functional studies, the native E239Q
holoenzyme is functionally locked in the R state. Structural
studies using SAXS have also been used to characterize the
native E239Q holoenzyme (12). In the absence of ligands, the
native E239Q holoenzyme is in a new structural state incon-
sistent with either the T or R structures of the wild-type en-
zyme (12). The position of the SAXS pattern for the E239Q
holoenzyme suggests that the loss of the intersubunit interac-
tions destabilizes the T state and the unligated enzyme exists
in a new structural state between the T and R states of the
wild-type enzyme. Because the intersubunit interactions in-
volving E239Q only exist in the T state of the enzyme, this
suggests that the structural intermediate observed in the x-ray
scattering of the E239Q holoenzyme may be a structural inter-
mediate in the T to R transition of the wild-type enzyme. This
notion is supported by the fact that PALA is able to convert the
unligated structure of the E239A holoenzyme into a structure
that is virtually identical to that observed with the PALA-
ligated wild-type enzyme (12).
A study utilizing a series of hybrid holoenzymes, in which
one to five of the catalytic chains had the E239Q mutation,
revealed that three of the six intersubunit interactions are
sufficient to stabilize the enzyme in the T state, thereby allow-
ing the retention of homotropic cooperativity and heterotropic
activation and inhibition (16, 36).
Another intersubunit interaction that stabilizes the T func-
tional state of aspartate transcarbamoylase is between Asp-
236c1 and Lys-143r4. The replacement of Asp-236 by alanine
results in a mutant holoenzyme (D236A) that had remarkably
similar properties to the E239Q holoenzyme, full activity, no
cooperativity, enhanced affinity for substrates, no activation by
ATP, and little inhibition by CTP (13). To more fully establish
the importance of the intersubunit interactions between Asp-
236c1 and Lys-143r4 for the function of aspartate transcar-
bamoylase and to compare the loss of this catalytic-regulatory
intersubunit interaction to the catalytic-catalytic intersubunit
interaction involving Glu-239, we report here the characteriza-
tion of a hybrid enzyme that has only three of the six possible
catalytic-regulatory intersubunit interactions involving Asp-
236. In addition, the structural consequences of the replace-
ment of Asp-236 by alanine were also investigated in both the
native D236A holoenzyme and the hybrid by small-angle x-ray
scattering.
To isolate the hybrid holoenzyme in which one catalytic
subunit had the D236A mutation and the other had the wild-
type amino acid, Asp, at position 236, a modified version of the
wild-type catalytic chain with six additional Asp residues ap-
pended to the C-terminal was used. We have previously shown
that a holoenzyme consisting of two of these modified wild-type
catalytic subunits (AT-C) and wild-type regulatory subunits,
(AT-C)2R3, exhibited kinetic and structural characteristics
identical to that of the corresponding wild-type holoenzyme
lacking the Asp tail (16). Furthermore, the additional negative
charge on the AT-C catalytic subunits is sufficient to resolve by
chromatography the three holoenzyme species produced by
reconstitution of AT-C and D236A-C catalytic subunits with
wild-type regulatory subunits (R) (see Fig. 2).
Comparison of the (D236A-C)(AT-C)R3 hybrid holoenzyme
with the wild-type and native D236A holoenzymes revealed
that the hybrid exhibits similar catalytic activity to both spe-
cies. Although the [Asp]0.5 is diminished for the hybrid com-
pared with the native D236A holoenzyme, the [Asp]0.5 of the
(D236A-C)(AT-C)R3 hybrid holoenzyme is still about 3-fold
higher than the wild-type enzyme. In addition, the (D236A-
C)(AT-C)R3 hybrid holoenzyme exhibits slight aspartate coop-
erativity, however, the low [Asp]0.5 of the hybrid holoenzyme
makes the accurate kinetic determination of residual cooperat-
TABLE II
CTP inhibition and ATP activation of the reconstituted wild-type and mutant holoenzymes at subsaturating aspartate at pH 8.3
These data were determined from ATP and CTP saturation curves (Fig. 4). Colorimetric assays were performed at 25 °C in 50 mM Tris acetate
buffer, pH 8.3. ATP and CTP saturation curves were determined at saturating levels of carbamoyl phosphate (4.8 mM) and aspartate concentrations
at one-half the [Asp]0.5 of the respective holoenzyme at pH 8.3.
Enzyme
CTP parameters ATP parameters
Residual
activitya KCTP
b Activationc KATP
% mM % mM
(AT-C)2R3
d 19.5  1.6e 0.08  0.04 503.9  80.4 0.58  0.17
(D236A-C)(AT-C)R3 34.9  3.0 0.15  0.03 149.7  9.2 0.30  0.17
(D236A-C)2R3 73.0  3.0 NA
f None NA
a Percent residual activity is defined as 100 (ACTP/A), where ACTP is the activity in the presence of CTP and A is the activity in the absence of
CTP.
b K is the nucleotide concentration required to activate or inhibit the enzyme by 50% of the maximal effect.
c Percent activation is defined as 100 (AATP/A), where AATP is the activity in the presence of ATP and A is the activity in the absence of ATP.
d Data from Sakash et al. (16).
e Average deviation of two determinations.
f NA, not applicable.
FIG. 5. Small angle x-ray scattering of the wild-type (thin
lines), the native D236A (A, heavy lines), and (D236A-C)(AT-C)R3
hybrid (B, heavy lines) holoenzymes in the absence (open sym-
bols) and presence (closed symbols) of PALA. The x-ray scattering
experiments were all performed in 50 mM Tris acetate buffer, 2 mM
2-mercaptoethanol, pH 8.3.
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ivity difficult. Therefore, the slight cooperativity observed for
the (D236A-C)(AT-C)R3 hybrid indicates that three of the six
Asp-236c/Lys-143r interactions are sufficient for stabilization
of the T state of the enzyme. The lower [Asp]0.5 of the hybrid
and native D236A enzymes is most likely because of a slight
alteration in the position of the critical 240s loop in the R state.
As opposed to the (D236A-C)2R3 holoenzyme, the (D236A-
C)(AT-C)R3 hybrid holoenzyme was activated by ATP and in-
hibited by CTP, although the extent of the activation and
inhibition were reduced compared with the wild-type holoen-
zyme. The activation by ATP and the inhibition by CTP of the
(D236A-C)(AT-C)R3 hybrid holoenzyme indicates that three of
the six Asp-236c to Lys-143r interactions are sufficient to re-
store heterotropic interactions and the ability of the hybrid
holoenzyme to undergo a T to R transition.
To obtain direct structural data on the conformation of the
native D236A holoenzyme and the (D236A-C)(AT-C)R3 hybrid,
small angle x-ray scattering (SAXS) experiments were per-
formed. As a control, the SAXS curves were also recorded for
the wild-type holoenzyme. The native D236A holoenzyme with-
out ligands exhibits a scattering pattern that is different from
the T and R patterns of the wild-type enzyme (see Fig. 5). The
SAXS pattern of the native D236A holoenzyme without ligands
suggests that this enzyme is in a new structural state, as no
combination of the wild-type T and R state patterns fit the
native D236A holoenzyme scattering pattern, within error.
When PALA is added to the native D236A holoenzyme, the
SAXS pattern changes and is very similar to that of the PALA-
ligated wild-type enzyme suggesting that the R state struc-
tures of the two enzymes are very similar.
The SAXS pattern for the unligated (D236A-C)(AT-C)R3 hy-
brid is different from either the unligated wild-type or the
native D236A holoenzyme. However, the SAXS pattern of the
hybrid is much more similar to the unligated wild-type than
the native D236A holoenzyme, providing additional support for
the hypothesis that three of the six Asp-236c/Lys-143r interac-
tions provide significant T state stabilization to the enzyme.
Addition of PALA to the (D236A-C)(AT-C)R3 hybrid gives a
SAXS pattern very similar to the PALA-ligated wild-type pat-
tern, suggesting that the R states of these enzymes are virtu-
ally identical.
We have previously investigated another set of intersubunit
interactions between Glu-239c1 and both Lys-164c4 and Tyr-
165c4. The native D236A and E239Q holoenzymes as well as
the hybrid holoenzymes, containing one wild-type and one mu-
tant catalytic subunit, have remarkably similar properties. For
the unligated native E239Q holoenzyme, the SAXS pattern is
very similar to that of the unligated native D236A holoenzyme
reported here. Furthermore, the kinetic characterization and
the SAXS pattern of the (E239Q-C)(AT-C)R3 and (D236A-
C)(AT-C)R3 hybrid holoenzyme are quite similar. In both cases
the hybrid has restored cooperativity and heterotropic interac-
tions, and the SAXS patterns of the hybrids are very T-like.
Both sets of data suggest that three of the six intersubunit
interactions add significant stabilization to the T state of the
enzyme.
The saturation of only a small number of active sites by
substrates (or substrate analogs) to aspartate transcarbamoy-
lase is sufficient to induce the allosteric transition (37). The
binding of aspartate to enzymes previously saturated with
carbamoyl phosphate induces the critical closure of the do-
mains of the catalytic chains (38). However, as we have previ-
ously proposed this domain closure in one catalytic chain can-
not occur without some change in the quaternary structure of
the enzyme because of steric interference of this domain closure
(39). Thus, the elongation of the enzyme is a necessary part of
the allosteric transition of aspartate transcarbamoylase. The
elongation of the molecule requires the breaking of the T state
intersubunit interactions involving both Asp-236 and Glu-239.
When the side chain of either of these residues is replaced by
noncharged substitutes, the net results are the inability of the
enzyme to exist in the T state and the formation of a new
structural state that is neither T nor R. Because the interac-
tions involving both Glu-239 and Asp-236 are lost during the
wild-type T to R transition, it is reasonable to speculate that
the structures of the unligated D236A and E239Q holoenzymes
are intermediates in the pathway of the wild-type T to R
transition. The fact that the E239Q holoenzyme can be shifted
to the R state with only the addition of carbamoyl phosphate
suggests that the final conformational changes necessary to
create the R state may be partially coupled to the major qua-
ternary conformational change. Additional SAXS experiments
are currently underway to better establish the nature of the
allosteric transition for both the wild-type and mutant versions
of aspartate transcarbamoylase.
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Here we report the first use of disulfide bond formation
to stabilize the R allosteric structure of Escherichia coli
aspartate transcarbamoylase. In the R allosteric state, res-
idues in the 240s loop from two catalytic chains of different
subunits are close together, whereas in the T allosteric
state they are far apart. By substitution of Ala-241 in the
240s loop of the catalytic chain with cysteine, a disulfide
bond was formed between two catalytic chains of different
subunits. The cross-linked enzyme did not exhibit cooper-
ativity for aspartate. The maximal velocity was increased,
and the concentration of aspartate required to obtain one-
half the maximal velocity, [Asp]0.5, was reduced substan-
tially. Furthermore, the allosteric effectors ATP and CTP
did not alter the activity of the cross-linked enzyme. When
the disulfide bonds were reduced by the addition of 1,4-
dithio-DL-threitol the resulting enzyme had kinetic param-
eters very similar to those observed for the wild-type en-
zyme and regained the ability to be activated by ATP and
inhibited by CTP. Small-angle x-ray scattering was used to
verify that the cross-linked enzyme was structurally locked
in the R state and that this enzyme after reduction with
1,4-dithio-DL-threitol could undergo an allosteric transition
similar to that of the wild-type enzyme. The complete abo-
lition of homotropic and heterotropic regulation from sta-
bilizing the 240s loop in its closed position in the R state,
which forms the catalytically competent active site, demon-
strates the significance that the quaternary structural
change and closure of the 240s loop has in the functional
mechanism of aspartate transcarbamoylase.
Escherichia coli aspartate transcarbamoylase (EC 2.1.3.2) is
one of the best characterized allosteric enzymes, so it serves an
important role in the study of allosteric regulation. This enzyme
catalyzes the committed step of pyrimidine biosynthesis, the
carbamoylation of the amino group of L-aspartate by carbamoyl
phosphate to form N-carbamoyl-L-aspartate (1). The enzyme
demonstrates homotropic cooperativity for the substrate L-
aspartate and is heterotropically regulated by effectors ATP, CTP
(1), and UTP in the presence of CTP (2). Aspartate transcar-
bamoylase from E. coli is a dodecamer composed of six catalytic
chains organized as two trimeric subunits and six regulatory
chains organized as three dimeric subunits. Because aspartate
transcarbamoylase is so well characterized and serves as a model
for allosteric enzymes it is of particular interest to thoroughly
understand the molecular mechanism of allostery of this enzyme.
Two different structural and functional states of aspartate
transcarbamoylase have been characterized (3–6). The low ac-
tivity, low affinity conformation of the enzyme is called the T
state, and the high activity, high affinity conformation of the
enzyme is called the R state. The conversion from the T to the
R state occurs upon aspartate binding to the holoenzyme in
the presence of carbamoyl phosphate, which is the source of the
observed homotropic cooperativity. The most common method
used to characterize the two functional states of aspartate
transcarbamoylase has been kinetic studies. The use of site-
directed mutagenesis has allowed the indirect kinetic charac-
terization of the functional states. The substitution of key
amino acids involved in hydrogen bonds stabilizing either the T
or R state (7–10) has created T or R state destabilized enzymes.
However, the only studies undertaken to characterize each
quaternary structural state by locking the enzyme in a partic-
ular state used a bifunctional reagent that was reactive toward
amines, resulting in nonspecific cross-linking (11–13).
Here we introduce a cysteine into the catalytic chain of
aspartate transcarbamoylase at a site that in the R allosteric
state can form a disulfide bond between two 240s loops in the
final closed position and lock the enzyme in this state (see Fig.
1). The 240s loop has previously been shown to require satu-
ration by substrate in order to complete its movement into the
final closed position (14). Under oxidizing conditions the en-
zyme would be locked into the R state allowing us to study a
mutant version of the enzyme that was otherwise completely
wild type in composition. Under reducing conditions the en-
zyme would no longer be locked in the R state and would
function much the same as the wild-type enzyme. Hence, this
study gives insight into the relative importance that the switch
between quaternary structural states and hindrance of move-
ment of the 240s loop has on the homotropic and heterotropic
regulation of this enzyme.
MATERIALS AND METHODS
Chemicals—Agarose, ATP, CTP, DTT,1 L-aspartate, N-carbamoyl-L-
aspartate, 2-mercaptoethanol, potassium dihydrogen phosphate, and
uracil were obtained from Sigma. PALA was obtained from the NCI,
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1 The abbreviations used are: DTT, 1,4-dithio-DL-threitol; C, catalytic
chain; R, regulatory chain; PALA, N-(phosphonacetyl)-L-aspartate;
C47A/A241C holoenzyme, the double mutant aspartate transcarbamoy-
lase holoenzyme with Cys-47 replaced by Ala and Ala-241 replaced by
Cys in each of the catalytic chains; C47A/A241C catalytic subunit, the
double mutant aspartate transcarbamoylase catalytic subunit with
Cys-47 replaced by Ala and Ala-241 replaced by Cys in each of the
catalytic chains.
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National Institutes of Health. Restriction endonucleases and T4 DNA
ligase were obtained from New England Biolabs (Beverly, MA). Sodium
dodecyl sulfate and the protein assay dye were purchased from Bio-Rad.
Carbamoyl phosphate dilithium salt obtained from Sigma was purified
before use by precipitation from 50% (v/v) ethanol and was stored
desiccated at 20 °C (1). The Qiagen gel extraction kit was used for
isolation of DNA from agarose gels, and the Qiagen (Valencia, CA)
miniplasmid prep kit was used for purification of plasmid DNA. Oligo-
nucleotides were purchased from Operon Technologies (Alameda, CA).
Construction of Mutant Aspartate Transcarbamoylases—The C47A
and A241C mutants of E. coli aspartate transcarbamoylase were con-
structed by introducing specific base changes in the pyrB gene using the
Kunkel method (16). The uracil-containing single-stranded DNA re-
quired was obtained by infection of E. coli strain CJ236, containing the
phagemid pEK54 (17) for the C47A mutation and the phagemid
pEK152 (18) for the A241C mutation, with the helper phage M13K07
(19). Selection of the mutations was performed by sequencing with
single-stranded DNA isolated from phagemid candidates after coinfec-
tion with the helper phage M13K07 (19). After the mutations were
verified the resulting plasmids with the C47A and A241C mutations,
pEK184 and pEK612, respectively, were digested with the restriction
enzymes BstEII and EcoRI. The large fragment of the pEK184 plasmid
and small fragment of the pEK612 plasmid were removed from an
agarose gel, combined, and treated with DNA ligase for 1 h at 16 °C.
The resulting plasmid, pEK613, was sequenced directly by double-
strand dideoxy sequencing to verify the mutations.
The C47A/A241C2 catalytic subunit was constructed by first digest-
ing pEK184 with the restriction enzymes BstEII and BamH1 and di-
gesting pEK612 with the restriction enzymes BstEII and BglII. The
large fragment of the pEK184 plasmid and small fragment of the
pEK612 plasmid were removed from an agarose gel, combined, and
treated with DNA ligase for 1 h at 16 °C. The resulting plasmid,
pEK614 was sequenced directly by double-strand dideoxy sequencing to
verify the mutations.
Overexpression and Purification of the Mutant Enzymes—The mutant
holoenzyme and catalytic subunit of aspartate transcarbamoylase were
overexpressed and purified to homogeneity as described previously (15).
After concentration, the purity of the enzymes was checked by SDS-PAGE
(20), non-reducing SDS-PAGE (in which mercaptoethanol is omitted from
the sample buffer), and nondenaturing PAGE (21, 22).
The concentrations of the wild-type holoenzyme and catalytic sub-
unit were determined from absorbance measurements at 280 nm using
extinction coefficients of 0.59 and 0.72 cm2 mg1, respectively (23). The
concentrations of the mutants’ enzymes were determined by the Bio-
Rad version of the Bradford dye binding assay (24).
Aspartate Transcarbamoylase Assay—The aspartate transcarbamoy-
lase activity was measured at 25 °C by the colorimetric method (25) or
by the radioactive method for assays containing DTT at a concentration
of 10 mM, as DTT at this concentration interferes with the development
of color in the colorimetric method (26). Aspartate saturation curves
were performed in duplicate. Assays were performed in 50 mM Tris
acetate buffer, pH 8.3, or in 50 mM Tris acetate buffer, pH 8.3, 10 mM
DTT (for reducing conditions) and in the presence of saturating car-
bamoyl phosphate (4.8 mM). Data analysis of the steady-state kinetics
was carried out as described previously (27). Fitting of the experimental
data to theoretical equations was accomplished by non-linear regres-
sion. The data were analyzed using an extension of the Hill equation
that included a term for substrate inhibition. If the fit to the Hill
equation gave a Hill coefficient of 1 or less, the experimental data were
fit to the Michaelis-Menten equation with an additional term for sub-
strate inhibition (28). The nucleotide saturation curves were fit to a
hyperbolic binding isotherm by non-linear regression.
Small Angle X-ray Scattering—The small-angle x-ray scattering ex-
periments were performed at beam line 4–2 at the Stanford Synchro-
tron Radiation Laboratory (3.0 GeV, 50–100 mA). The experimental
setup and procedures were performed as described by Sakash et al. (29).
RESULTS AND DISCUSSION
Rationale for Substitution of Ala-241 with Cysteine—Molec-
ular modeling of the T and R states of aspartate transcar-
bamoylase (Protein Data Bank codes 6AT1 and 1D09, respec-
tively) (30, 31) was performed with QUANTA. This modeling
revealed that the distance between identical residues in the
240s loop in the C1 and C4 chains is much closer in the R state
than in the T state. Therefore, the 240s loop was chosen as the
location to insert a cysteine for putative disulfide bond forma-
tion in the R state. Of the residues available for mutation,
Asp-236 and Glu-239 were eliminated because previously stud-
ies (32, 33) showed that these positions were important for the
normal (wild-type) function of the enzyme. Based upon the
location, the similar sizes of alanine and cysteine, and the lack
of any known function, Ala-241 was chosen as the best candi-
date for substitution with cysteine. Molecular modeling in
QUANTA of the R state showed that the distance between
sulfur atoms in the two Cys-241 residues of C1 and C4 is less
than 3 Å (represented with a disulfide bond in Fig. 1). To
ensure specific disulfide bond formation, the one naturally
occurring Cys in the catalytic chain, Cys-47, was replaced by
Ala in the final construct (C47A/A241C).
2 Within the E. coli holoenzyme, the catalytic chains of the top cata-
lytic trimer are numbered C1, C2, and C3, whereas the catalytic chains
of the bottom catalytic trimer are numbered C4, C5, and C6, with C4
under C1. The regulatory dimers contain chains R1–R6, R2–R5, and
R3–R4. A regulatory chain is in direct contact with the same numbered
catalytic chain.
FIG. 1. Ribbon diagram of the three-dimensional structure of
the catalytic chains C1 and C4 of aspartate transcarbamoylase
with a model of Cys-241 in the T state (left) and R state (right).
Cys-241 is represented by ball-and-sticks. Note that the disulfide bridge
is modeled between the C1 and C4 Cys-241 residues in the 240s loop in
the R state. The model was created with QUANTA (Accelrys), and the
figure was produced with MOLSCRIPT (40).
FIG. 2. Non-reducing (A) and reducing (B) SDS-PAGE of the
purified enzymes. Lanes 1, molecular weight markers; lanes 2, wild-
type holoenzyme; lanes 3, C47A/A241C catalytic trimer; lanes 4, C47A/
A241C holoenzyme.
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Reducing and Non-reducing SDS-PAGE—The C47A/A241C
holoenzyme and C47A/A241C catalytic subunit were evaluated
by SDS-PAGE under both reducing and non-reducing condi-
tions (Fig. 2). Lane 2 of Fig. 2, A and B, shows two bands
corresponding to the catalytic and regulatory chains of wild-
type aspartate transcarbamoylase migrating at 34 and 17 kDa,
respectively. However, lane 4 (C47A/A241C holoenzyme) of the
non-reducing SDS-PAGE (Fig. 2A) has a band at 17 kDa, a
faint band at 34 kDa, and a band migrating at 65–70 kDa. In
contrast, in lane 4 (C47A/A241C holoenzyme) of the reducing
SDS-PAGE (Fig. 2B) there are two bands at 34 and 17 kDa and
no band visible in the 65–70 kDa range. Lane 3 (C47A/A241C
catalytic trimer) in Fig. 2, A and B, shows just a single band
corresponding to the catalytic chain of aspartate transcar-
bamoylase migrating at 34 kDa. Based upon the difference in
the migration of the catalytic chain for the C47A/A241C ho-
loenzyme under non-reducing and reducing conditions, we be-
lieved that a disulfide bond was forming between two catalytic
chains. The identical migration of the catalytic chain for the
C47A/A241C catalytic subunit under non-reducing and reduc-
ing conditions demonstrated that the disulfide bond formation
was between catalytic chains on opposing catalytic subunits
and not between catalytic chains on the same catalytic subunit.
Steady-state Kinetics—The kinetic parameters calculated
from the aspartate saturation curves (Fig. 3) are shown in
Table I. Most significantly, under non-reducing conditions the
C47A/A241C holoenzyme displayed a hyperbolic aspartate sat-
uration curve. No activation of this enzyme by PALA at low
concentrations of aspartate verified that the C47A/A241C ho-
loenzyme, under non-reducing conditions, was not cooperative
toward aspartate (data not shown). Under these non-reducing
conditions the C47A/A241C holoenzyme has a maximal ob-
FIG. 3. Aspartate saturation curves of the C47A/A241C holoen-
zyme (‚), C47A/A241C holoenzyme with 10 mM DTT (), and
wild-type holoenzyme (E). The assays were performed at 25 °C at
saturating concentrations of carbamoyl phosphate (4.8 mM) in 50 mM
Tris acetate buffer, pH 8.3, or in 50 mM Tris acetate buffer, pH 8.3, 10
mM DTT (for reducing conditions).
FIG. 4. Influence of ATP (A) and CTP (B) on the activity of
C47A/A241C holoenzyme (‚), C47A/A241C holoenzyme with 10
mM DTT (), and wild-type holoenzyme (E). The assays were
performed at 25 °C at saturating concentrations of carbamoyl phos-
phate (4.8 mM) in 50 mM Tris acetate buffer, pH 8.3, or in 50 mM Tris
acetate buffer, pH 8.3, 10 mM DTT (for reducing conditions). The as-
partate concentration was held constant at one-half the [Asp]0.5.
TABLE I
Kinetic parameters of the wild-type and mutant forms of
aspartate transcarbamoylase
These data were determined from the aspartate saturation curves
(Fig. 3). Colorimetric and radiometric assays were performed at 25 °C in
50 mM Tris acetate buffer, pH 8.3, or in 50 mM Tris acetate buffer, pH
8.3, 10 mM DTT (for reducing conditions) and saturating levels of
carbamoyl phosphate (4.8 mM). The values reported are the average
deviation of three determinations.
Enzyme Vmax [Asp]0.5 nH
mmolh1mg1 mM
Wild-type 17.5  0.5 13.0  0.9 2.4  0.2
C47A 17.0  0.5 13.5  1.1 1.3  0.1
A241C 23.5  1.1 3.1  0.1 1a
C47A/A241C 25.6  0.9 2.3  0.2 1a
C47A/A241C
(reducing
conditions)
25.4  2.3 10.8  0.8 1.3  0.1
Wild-type C3
b 27.0  1.5 7.5  0.2 1a
C47A/A241C C3
b 28.1  1.2 6.6  0.2 1a
a Experimental data exhibited no cooperativity. Data were fit to the
Michaelis-Menten equation with an additional term for substrate inhi-
bition.
b C3, catalytic subunit.
TABLE II
ATP activation and CTP inhibition of the wild-type and modified
forms of aspartate transcarbamoylase
These data were determined from ATP and CTP saturation curves
(Fig. 4). Colorimetric and radiometric assays were performed at 25 °C in
50 mM Tris acetate buffer, pH 8.3, 10 mM DTT (for reducing conditions).
ATP and CTP saturation curves were determined at saturating levels of
carbamoyl phosphate (4.8 mM) and aspartate concentrations at one-half
the [Asp]0.5 of the respective holoenzyme at pH 8.3. The values reported
are the average deviation of three determinations.
ATCase ATPa KATP
b CTPc KCTP
b
% %
Wild-type 460 0.68 23 0.068
C47A/A241C 105 —d 92 —d
C47A/A241C
(reducing
conditions)
220 0.60 65 0.069
a Percent activation is defined as 100  (AATP), where AATP is the
activity in the presence of ATP and A is the activity in the absence of ATP.
b K is the nucleotide concentration required to activate or inhibit the
enzyme by 50% of the maximal effect.
c Percent residual activity is defined as 100  (ACTP) where ACTP is
the activity in the presence of CTP and A is the activity in the absence
of CTP.
d Could not be determined because of small amount of inhibition or
activation.
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served specific activity of 25.6 mmolh1mg1 and a Km of 2.3
mM compared with the wild-type holoenzyme parameters of
17.5 mmolh1mg1, an [Asp]0.5 of 13.0 mM, and Hill coefficient
of 2.4.
The kinetic parameters of the C47A/A241C catalytic subunit
were very similar to those of the wild-type catalytic subunit.
The C47A/A241C catalytic subunit has a specific activity of
28.1 mmolh1mg1 and a Km of 6.6 mM compared with the
wild-type catalytic subunit parameters of 27.0 mmolh1mg1
and 7.5 mM.
Under reducing conditions the kinetic parameters of the
C47A/A241C holoenzyme changed dramatically. Under these
reducing conditions the C47A/A241C holoenzyme has a sigmoi-
dal aspartate saturation curve with a Hill coefficient of 1.3,
specific activity of 25.4 mmolh1mg1, and an [Asp]0.5 of 10.8
mM. Additional evidence that cooperativity was restored is
demonstrated by the PALA saturation curves, which show ac-
tivation by PALA although the activation is only approximately
one-half as much as that observed for the wild-type enzyme
(data not shown).
Influence of the Allosteric Effectors—Nucleotide saturation
curves with CTP and ATP were determined for the wild-type
and C47A/A241C holoenzymes at one-half the [Asp]0.5. The
kinetic parameters calculated from the nucleotide saturation
curves (Fig. 4) are shown in Table II. This concentration of
aspartate was selected because the nucleotides exert a larger
influence on the activity of the enzyme as the aspartate con-
centration is reduced (34). Under non-reducing conditions nei-
ther nucleotide caused any significant alteration in activity of
the C47A/A241C holoenzyme.
Nucleotide saturation curves of the C47A/A241C holoenzyme
were also performed under reducing conditions by the addition
of 10 mM DTT. Under reducing conditions for the C47A/A241C
holoenzyme the normal effect of the nucleotides on the activity
of the enzyme was restored. The C47A/A241C holoenzyme un-
der reducing conditions is activated by ATP approximately
one-half as much as the wild-type holoenzyme and inhibited
by CTP approximately one-half as much as the wild-type
holoenzyme.
Small Angle X-ray Scattering—Small-angle x-ray scatter-
ing was used to evaluate the quaternary structures of the
wild-type and C47A/A241C holoenzymes in the absence and
presence of saturating concentrations of PALA (Fig. 5). The
data for the wild-type holoenzyme shown in Fig. 5A display
the characteristic change in the scattering pattern upon ad-
dition of PALA as noted by the change in the peak position
and increase in relative intensity (35). The scattering pattern
in Fig. 5B of the unliganded C47A/A241C holoenzyme dis-
plays a peak position and relative intensity that is nearly
identical to the PALA-liganded wild-type holoenzyme scat-
tering pattern. Addition of PALA to the C47A/A241C holoen-
zyme, also shown in Fig. 5B, caused little change to the
scattering pattern. Addition of 10 mM DTT to the unliganded
C47A/A241C holoenzyme, shown in Fig. 5C, caused a large
change in the scattering pattern so that the peak position and
relative intensity was very similar to the unliganded wild-
type holoenzyme. Addition of PALA to the C47A/A241C ho-
loenzyme containing 10 mM DTT caused a nearly identical
change to the scattering pattern that was observed in the
addition of PALA to the wild-type holoenzyme.
CONCLUSIONS
We believe that the 65–70-kDa band observed only on the
non-reducing SDS-PAGE was a C2 catalytic chain dimer
formed from two catalytic chains of aspartate transcarbamoy-
lase linked together by a disulfide bond between Cys-241 of C1
and Cys-241 of C4. The disulfide bond between Cys-241 and
Cys-241 links opposing catalytic chains at the C1:C4 interface
and locks the enzyme in an R structural state. This is sup-
ported by our modeling of the T and R states of the C47A/
A241C holoenzyme, where the distance between sulfur atoms
in the two Cys-241 residues of C1 and C4 is less than 3 Å in the
R state and more than 20 Å in the T state (30, 36). In addition
the small-angle x-ray scattering pattern under non-reducing
conditions and with no ligands present was indicative of an R
structural state.
The aspartate saturation curves of the C47A/A241C catalytic
subunit and holoenzyme (non-reducing conditions) are both
hyperbolic and show high activity. However, the [Asp]0.5 of the
holoenzyme is significantly lower than the catalytic subunit
(2.3 versus 6.6 mM Asp, respectively). Because cooperativity for
aspartate returns for the C47A/A241C holoenzyme under re-
ducing conditions, cooperative binding of aspartate is a func-
tion of the switch from the low affinity T to high affinity R
state. The maximal activity of the C47A/A241C holoenzyme
was greater under non-reducing versus reducing conditions
(25.6 versus 21 mmolh1mg1 respectively), suggesting that
the switch from the T to R state is somewhat rate-limiting in
the holoenzyme. This is supported by work done on the wild-
type enzyme and D236A, another enzyme with enhanced max-
imal activity, which suggested that domain closure or “com-
pression,” the final step in the T to R transition, is rate-limiting
(37, 38). There was a significant difference in the nucleotide
saturation curves under reducing and non-reducing conditions
corresponding to a wild-type-like and R state enzyme, respec-
tively. ATP caused activation and CTP caused inhibition under
reducing conditions, whereas ATP and CTP had no effect on the
non-reduced R state enzyme. This suggests that the hetero-
tropic mechanism may be a function of the perturbation of the
T/R state equilibrium and/or the tertiary structural position of
the 240s loop, which is fixed in the closed position in this
disulfide-stabilized enzyme.
In this work we have been able to use disulfide bond forma-
tion as a means to lock aspartate transcarbamoylase in the R
structural state. This modified enzyme locked in the R struc-
tural state has allowed us to directly correlate the structural
states observed by x-ray scattering and crystallography to the
functional states defined by the allosteric model of Monod,
Wyman, and Changeux (39). Crystallization and structure de-
termination for the C47A/A241C holoenzyme is currently in
progress to explore the high activity, high affinity conformation
of aspartate transcarbamylase in the absence of substrates.
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FIG. 5. Solution low angle x-ray scattering curves for the wild-
type (A), C47A/A241C (B), and C47A/A241C under reducing con-
ditions (C). For each enzyme, curves are shown in the absence of
ligands (E and thin line) and in the presence of 2 mM PALA ( and thick
line). The x-ray scattering experiments were performed in 50 mM Tris
acetate buffer, pH 8.3, or in 50 mM Tris acetate buffer, pH 8.3, 10 mM
DTT (for reducing conditions).
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Significant structural rearrangements are necessary for the
function of many proteins, and in particular multisubunit allosteric
enzymes involved in the regulation of metabolic pathways. These
enzymes usually exist in at least two structural and functional states,
T and R, in equilibrium. The T state has low substrate affinity and/
or catalytic activity, while the R state has high substrate affinity
and/or catalytic activity; however, the independent characterization
of these two functional states has not been possible. Here we use
a combination of a pyrene-labeled enzyme and encapsulation in
sol-gels as a means to slow the interconversion of the two forms
sufficiently so that either can be studied independently, as well as
the transition between the two forms.
Aspartate transcarbamoylase (ATCase) from Escherichia coli is
a dodecameric allosteric enzyme (Mr 310 000) that utilizes six active
sites to catalyzes the first step in the pyrimidine biosynthesis
pathway, the condensation of L-aspartate and carbamoyl phosphate,
and utilizes six control sites to regulate the flux of metabolites
through this pathway. The end products of the pyrimidine pathway
CTP and UTP are allosteric inhibitors1 while ATP, the end product
of the parallel purine pathway, is an allosteric activator.1 The R
quaternary structure can be cooperatively induced by addition of
substrates and/or substrate analogues, such as the bisubstrate
analogue N-phosphonacetyl-L-aspartate (PALA), allowing the X-ray
structures of both states to be determined to atomic resolution.2
The kinetics of the allosteric transition in ATCase has been studied
by time-resolved stopped-flow small-angle X-ray scattering (SAXS).
The evolution from the T quaternary structure to the R quaternary
structure was monitored after mixing the enzyme with the sub-
strates,3 or with carbamoyl phosphate and the aspartate analogue
succinate.4 With the experimental equipment available, complete
scattering curves could not be collected at rates faster than every
100 ms, and cryogenic conditions had to be employed (temperatures
between -11 and -5 °C using 30% ethylene glycol in the buffer)
because of the rapid rate of the allosteric transition. To monitor
the quaternary structure change under more physiological condi-
tions, we have developed a pyrene-labeled ATCase, the fluorescence
of which is sensitive to changes in the quaternary structure of the
enzyme.5 As shown in Figure 1, in the T quaternary structure the
pyrenes are far apart and therefore only show monomer fluorescence
(380 nm), while in the R quaternary structure the pyrenes are close
together exhibiting excimer fluorescence (480 nm). This pyrene-
labeled ATCase provides a direct means to determine the quaternary
conformation of the enzyme not only in solution but also in the
confined matrix of a silica sol-gel.
A silica sol-gel is a transparent glass matrix formed by the
polymerization of a silicon alkoxide. The matrix environment
provides a convenient method to trap biological molecules and
significantly inhibit and slow quaternary conformational changes,6
while retaining catalytic activity by allowing the rapid transport of
small molecules such as substrates and products.7 For hemoglobin8
and transferrin,9 the rates of the quaternary change within the sol-
gel have been studied. We show the feasibility of measuring the
reaction kinetics of the isolated T and R states, as well as measuring
the kinetics of the allosteric transition on a much slower time scale
than in solution, using pyrene-labeled ATCase in hydrated sol-
gels.
The encapsulation of ATCase was carried out by first making a
stock solution of acidified tetramethoxysilane (TMOS), prepared
by mixing TMOS and 0.002 M hydrochloric acid in a 1:2 ratio
with vigorous stirring at room temperature until the solution was
monophasic (5-10 min). For the enzyme-doped sol-gels used in
the kinetic experiments, 0.030 mL of the TMOS sol was mixed
with 0.02 mL of a 0.015 mg/mL solution of ATCase in 50 mM
Tris-acetate buffer, pH 8.3, in a rotating glass tube (1 cm diameter).
The gel formed within 2 min at room temperature. The 50 mM
Tris-acetate buffer was sufficient to ensure that the enzyme was
not exposed to low pH during the polymerization. The resultant
ATCase-doped thin film, which adhered to the inner surface of the
glass tube, was soaked in 50 mM Tris-acetate buffer, pH 8.3, at
4 °C overnight before use. For the enzyme-doped sol-gels used
in the fluorescence experiments, 1.5 mL of the TMOS sol was
mixed with 1 mL of a 0.1 mg/mL pyrene-labeled ATCase in 50
mM Tris-acetate buffer, pH 8.3, in a methacrylate cuvette (1 cm
path length). The resultant ATCase-doped sol-gel monolith was
allowed to gel overnight at 4 °C and then soaked in 50 mM Tris-
acetate buffer, pH 8.3, for storage before use.
Kinetics experiments (aspartate saturation curves using the
colorimetric method10 in 50 mM Tris-acetate buffer, pH 8.3)
demonstrated that the wild-type and pyrene-labeled enzymes
encapsulated in the thin film sol-gels retained catalytic activity,
with a maximal activity approximately one-half that in solution (data
not shown). However, the [Asp]0.5 was significantly reduced for
both enzymes as compared with the saturation curves performed
in solution, and the saturation curves were hyperbolic for both
enzymes as compared with the sigmoidal curves observed in
solution. In addition, as shown in Figure 2A, fluorescence spectra
of the sol-gel monoliths demonstrated that the pyrene-labeled
enzyme encapsulated without ligands had an emission spectra very
similar to the enzyme encapsulated with a saturating concentration
of PALA (R state control). This result was unexpected. An estimate
of the allosteric equilibrium constant, L (as defined by the Monod
Wyman Changeux Model,11 L ) [T state]/[R state]) for ATCase is
Figure 1. Model of the loop region of ATCase labeled with pyrene in the
T and R states. Excimer formation is only possible in the R state.
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approximately 250,12 indicating that the T state is highly favored
in the absence of substrates. To encapsulate the T state quaternary
structure, the heterotropic inhibitors known to stabilize the T state,
CTP and UTP, were added at saturating concentrations (2 mM)
before encapsulation in the sol-gel monolith to trap the T state,
and then rinsed several times with 50 mM Tris-acetate buffer, pH
8.3, after gelation to remove the residual nucleotides before use.
Encapsulation of the T-state is demonstrated by a comparison of
the fluorescence spectra of the enzyme encapsulated with CTP and
UTP in the sol-gel (Figure 2A) with the enzyme in solution (Figure
2B), showing that they are identical. This indicates in the absence
of ligands a mixture of the T and R quaternary structures are trapped
in the sol-gel, with the R state being favored by a considerable
amount. This result also explains the similar kinetics observed for
enzyme encapsulated in the absence or presence of substrates and/
or substrate analogues.
Figure 3 shows the kinetics of the T-to-R allosteric transition in
ATCase, initiated by addition of a saturating concentration of PALA
(2 mM) to the wet sol-gel monolith. The data in Figure 3 exhibit
a pure first-order decay after an initial lag phase (0 to 30 min) for
the T-to-R transition. We attribute the lag phage to equilibration
of the PALA into the relatively thick sol-gel monolith. The first-
order rate constant calculated from the data after the initial lag phase
(0.039 min-1), corresponds to a half-time of approximately 18 min.
The experiment was also performed using a 5-fold higher concen-
tration of PALA (10 mM). No change in the rate was observed
(data not shown), indicating that the process was not pseudo-first
order, and indicating that the observed change in fluorescence was
reflecting the structural alteration of ATCase from the T to the R
quaternary structure within the sol-gel. There was no evidence of
any structural intermediates between the T and R states, which
agrees with previous time-resolved SAXS experiments.3,4 This does
not rule out their existence, only that they cannot be observed by
these techniques. Data were collected after the end of the data
displayed in Figure 3. After 24 h, the fluorescence (380 nm/480
nm) was 1.15, close to the value of 1.05 observed in solution for
the pyrene-labeled enzyme saturated with PALA. The rate of the
allosteric transition in the sol-gel matrix can be compared to the
rate in solution as determined by fluorescence stopped-flow of the
pyrene-labeled ATCase which is approximately 105 faster under
similar conditions.
In conclusion, sol-gel encapsulation of ATCase dramatically
slows the rate of the conversion of the enzyme from the T to the
R structure. Furthermore, the regulatory inhibitors CTP and UTP
are shown to stabilize the T quaternary structure of the enzyme.
This technique not only yields a method of investigating the kinetics
of the allosteric transition of ATCase but also the kinetic charac-
terization of the individual quaternary structures of the enzyme. It
should also be possible to determine if the allosteric effectors, such
as ATP and CTP, have regulatory effects on the isolated T and R
allosteric states.
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Figure 2. Fluorescence emission spectra for the sol-gel encapsulated (A)
and unencapsulated pyrene-enzyme ATCase in solution (B). The emission
curves are shown for the enzyme without ligands (O), with a saturating
concentration of PALA (b), and with a saturating concentration of CTP
(2 mM) and UTP (2 mM) (0). All fluorescence spectra were recorded at
25 °C in 50 mM Tris-acetate buffer, pH 8.3.
Figure 3. Time evolution of the T-to-R structural transition as observed
by the change in the fluorescence emission spectra (peak ratio 380 nm/480
nm) for the sol-gel encapsulated pyrene-labeled ATCase after addition of
a saturating concentration of PALA (2 mM). The fluorescence spectra were
recorded at 25 °C in 50 mM Tris-acetate buffer, pH 8.3. Inset: X-ray
structures of the T and R structural states of ATCase holoenzyme.2
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A new system has been developed capable of monitor-
ing conformational changes of the 240s loop of aspartate
transcarbamoylase, which are tightly correlated with
the quaternary structural transition, with high sensitiv-
ity in solution. Pyrene, a fluorescent probe, was conju-
gated to residue 241 in the 240s loop of aspartate trans-
carbamoylase to monitor changes in conformation by
fluorescence spectroscopy. Pyrene maleimide was con-
jugated to a cysteine residue on the 240s loop of a pre-
viously constructed double catalytic chain mutant ver-
sion of the enzyme, C47A/A241C. The pyrene-labeled
enzyme undergoes the normal T to R structural transi-
tion, as demonstrated by small-angle x-ray scattering.
Like the wild-type enzyme, the pyrene-labeled enzyme
exhibits cooperativity toward aspartate, and is acti-
vated by ATP and inhibited by CTP at subsaturating
concentrations of aspartate. The binding of the bi-
substrate analogue N-(phosphonoacetyl)-L-aspartate
(PALA), or the aspartate analogue succinate, in the pres-
ence of saturating carbamoyl phosphate, to the pyrene-
labeled enzyme caused a sigmoidal change in the fluo-
rescence emission. Saturation with ATP and CTP (in the
presence of either subsaturating amounts of PALA or
succinate and carbamoyl phosphate) caused a hyper-
bolic increase and decrease, respectively, in the fluores-
cence emission. The half-saturation values from the flu-
orescence saturation curves and kinetic saturation
curves were, within error, identical. Fluorescence and
small-angle x-ray scattering stopped-flow experiments,
using aspartate and carbamoyl phosphate, confirm that
the change in excimer fluorescence and the quaternary
structure change correlate. These results in conjunction
with previous studies suggest that the allosteric transi-
tion involves both global and local conformational
changes and that the heterotropic effect of the nucleo-
tides may be exerted through local conformational
changes in the active site by directly influencing the
conformation of the 240s loop.
Allosteric regulation of enzymatic activity is manifested by
the ability of the enzyme to exist in at least two different
structural and functional forms (1). Enzymatic activity can
therefore be modulated by changing the form in which the
enzyme exists, by altering the dynamic equilibrium between
multiple forms at a given time, or by causing more localized
changes in the structure. Allosteric enzymes are also charac-
terized by the regulation of their activity by effectors that bind
at sites remote from the active sites.
Escherichia coli aspartate transcarbamoylase (EC 2.1.3.2) is
a paradigm of allosteric enzymes in the study of allosteric
regulation. This enzyme catalyzes the committed step of py-
rimidine biosynthesis, the carbamoylation of the amino group
of L-aspartate by carbamoyl phosphate to form N-carbamoyl-L-
aspartate and inorganic phosphate (2). Allosteric regulation is
manifested in two different ways: homotropic cooperativity for
the substrate L-aspartate and heterotropic regulation by ATP,
CTP (2), and UTP in the presence of CTP (3). Aspartate tran-
scarbamoylase from E. coli is a dodecamer composed of six
catalytic (C)1 chains organized as two trimeric subunits, and
six regulatory (R) chains organized as three dimeric subunits.
The active sites are shared between catalytic chains on the
same trimer, and the nucleotide effectors bind to the same site
on each of the regulatory chains (4–8).
The two different structural and functional states of aspar-
tate transcarbamoylase are the low affinity, low activity con-
formation of the enzyme, or the T state, and the high affinity,
high activity conformation of the enzyme, or the R state (9–12).
Physical studies, including sedimentation velocity (9), x-ray
crystallography (13, 14), and small-angle x-ray solution scat-
tering (SAXS) (15, 16), have provided evidence of a quaternary
structural change upon the binding of the natural substrates or
substrate analogues. In the Thr to Arg quaternary structural
transition, the enzyme elongates by at least 11 Å along the
3-fold axis, the upper and lower catalytic trimers rotate 15°
relative to one another, and the regulatory dimers rotate 15°
around their respective 2-fold axes (17, 18). In addition to these
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operated by the Department of Energy, Office of Basic Energy Sciences,
and the SSRL Structural Biology Resource is supported by the National
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1 The abbreviations used are: C, catalytic chain; R, regulatory chain;
SAXS, small-angle X-ray scattering; PALA, N-(phosphonoacetyl)-L-as-
partate; [Asp]0.5, the aspartate concentration at half the maximal ob-
served specific activity; C47A/A241C, the double mutant aspartate
transcarbamoylase holoenzyme with Cys-47 replaced by Ala and Ala-
241 replaced by Cys in each of the catalytic chains; C47A/A241C-
pyrene, the double mutant labeled with pyrene; C47A/A241C-c, the
double mutant aspartate transcarbamoylase catalytic subunit with
Cys-47 replaced by Ala and Ala-241 replaced by Cys in each of the
catalytic chains; C47A/A241C-c-pyrene, the double mutant catalytic
subunit labeled with pyrene; 240s loop, a loop in the catalytic chain of
aspartate transcarbamoylase comprised of residues 232–246; Fc, fluo-
rescence coefficient.
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quaternary structural changes, several tertiary changes also
occur during the T to R state transition. One example of a
tertiary change that is of importance to this study is the reori-
entation of the 240s loop, which facilitates the domain closure
in the catalytic chains, resulting in the formation of high ac-
tivity high affinity active sites (19). In particular, the position
of the two 240s loops at the C1-C42 interface changes from
lying sideways and apart in the T state, to a position in which
the loops are stacked on top of one another in the R state (see
Fig. 1). Thus, the quaternary structural transition is tightly
correlated with the conformational change of the 240s loop.
To create a fluorescent-labeled enzyme, which could monitor
the allosteric transition, we conjugated a fluorophore site spe-
cifically via a Cys residue at position 241 of the 240s loop (Fig.
1). Previous studies have shown that when Ala-241 in the
wild-type enzyme is converted to Cys the modified enzyme has
wild-type like properties (20). The fluorophore used in this
study, pyrene, fluoresces not only from an excited monomer
state, but also from an excited-state dimer, or excimer; excimer
fluorescence results from a specific interaction between the
excited monomer and a ground-state monomer (21). Pyrene site
specifically attached to multiple sites on a protein has been
utilized in a number of studies as a “molecular ruler” with a
range of 0–20 Å. Hence it is capable of sensitively monitoring
a conformational change in proteins (22, 23). The 240s loop was
chosen as the site of attachment for pyrene because of the
relatively large conformational change it undergoes in the T to
R state transition (13, 24). As shown in Fig. 1, the excimer
should only form in the R state, thus providing a unique and
specific signal for the R state. Here we used the pyrene-labeled
aspartate transcarbamoylase to monitor the allosteric transi-
tion and the movement of the 240s loop into the R state con-
formation, induced by the binding of substrates, substrate an-
alogues, and allosteric effectors.
MATERIALS AND METHODS
Chemicals—ATP, CTP, dithiothreitol, L-aspartate, N,N-dimethylfor-
mamide, potassium dihydrogen phosphate, and were obtained from
Sigma. 5,5-Dithiobis(2-nitrobenzoic acid) (Ellman’s reagent) was ob-
tained from Pierce. Sodium dodecyl sulfate and the protein assay dye
were purchased from Bio-Rad. Carbamoyl phosphate dilithium salt,
obtained from Sigma, was purified before use by precipitation from 50%
(v/v) ethanol and was stored desiccated at 20 °C (2). N-(1-Pyrene)ma-
leimide and tris-(2-carboxyethyl)phosphine hydrochloride were ob-
tained from Molecular Probes (Eugene, OR). N-(Phosphonoacetyl)-L-
aspartate (PALA) was obtained from the NCI, National Institutes
of Health.
Strains and Plasmids—The E. coli strain MV1190 ((lac-proAB),
supE, thi, (sri-recA)306::Tn10(tetr)/F traD36, proAB, lacIq,
lacZM15) and M13 phage M13K07 were obtained from J. Messing.
EK1104 (F ara, thi, (pro-lac), pyrB, pyrF, rpsL) was previously
constructed in this laboratory (25). The plasmids pEK613 and pEK614,
containing the DNA for the C47A/A241C holoenzyme and C47A/A241C
catalytic subunit, respectively, were previously constructed in this lab-
oratory (20).
Overexpression and Purification of the Mutant Enzymes—The C47A/
A241C mutant and wild-type holoenzymes, and C47A/A241C catalytic
subunit of aspartate transcarbamoylase were overexpressed and puri-
fied to homogeneity as previously described (25). After concentration,
the purity of the enzymes was checked by non-reducing (in which
dithiothreitol is omitted from the sample buffer) SDS-PAGE (26) and
nondenaturing PAGE (27, 28).
Protein Concentration—The concentration of the wild-type holoen-
zyme was determined by A280 nm based upon an extinction coefficient of
0.59 cm2 mg1 (29). The concentration of the C47A/A241C-pyrene-
labeled enzyme was determined by the Bio-Rad version of the Bradford
dye binding assay (30).
Fluorescent Labeling of the C47A/A241C Holoenzyme and C47A/
A241C-c Catalytic Subunit—Fluorescent labeling of the mutant en-
zymes was performed according to the procedure provided by Molecular
Probes. The purified mutant enzymes were concentrated to 20 mg/ml
and dialyzed overnight into 40 mM KH2PO4 buffer, pH 7.2. After dial-
ysis, a 100-fold molar excess of solid tris-(2-carboxyethyl)phosphine
hydrochloride was added with stirring to the enzyme solution, at 20 °C.
One hour after addition of the tris-(2-carboxyethyl)phosphine hydro-
chloride, a freshly prepared 20 mM solution of N-(1-pyrene)maleimide in
N,N-dimethylformamide in 60-fold molar excess was slowly dripped
into the vigorously stirred enzyme solution. After addition of the N-(1-
pyrene)maleimide solution, the reaction mixture was shielded from
light by covering the reaction vessel with foil. After 2 h, the reaction
mixture was centrifuged to pellet out the N-(1-pyrene)maleimide. The
supernatant was dialyzed four times against 40 mM KH2PO4 buffer, pH
7.0, 2 mM dithiothreitol, and 1 mM EDTA to remove the unreacted
N-(1-pyrene)maleimide.
Efficiency of Pyrene Attachment—The completeness of the labeling of
the C47A/A241C enzyme with pyrene was assessed by mass spectrom-
etry and also by determination of unreacted thiol with Ellman’s reagent
(31). The C47A/A241C and C47A/A241C-pyrene holoenzymes were an-
alyzed by matrix-assisted laser desorption ionization time-of-flight
mass spectrometry using a Micromass TofSpec-2E mass spectrometer
operating in positive mode and using a sinaptic acid matrix.
Aspartate Transcarbamoylase Assay—The aspartate transcarbamoy-
lase activity was measured at 25 °C by the colorimetric method (32).
Saturation curves were performed in duplicate, and data points shown
in the figures are the average values. Assays were performed in 50 mM
Tris acetate buffer, pH 8.3, in the presence of saturating carbamoyl
phosphate (4.8 mM). Data analysis of the steady-state kinetics was
carried out as described previously (33). Fitting of the experimental
data to theoretical equations was accomplished by non-linear regres-
sion. When substrate inhibition was negligible, data were fit to the Hill
equation. If substrate inhibition was significant, data were analyzed
using an extension of the Hill equation that included a term for sub-
strate inhibition (34). The nucleotide saturation curves were fit to a
hyperbolic binding isotherm by non-linear regression.
Fluorescence Measurements—Fluorescence emission spectra were re-
corded at 20  1 °C in 50 mM Tris acetate buffer, pH 8.3, on a Shimadzu
1000 spectrofluorimeter. The excitation wavelength was 338 nm; the
emission wavelength collected was 360–560 nm; the excitation and
emission bandwidths were set to 5 nm. To approximate the degree of
quaternary structure change for the enzyme population from the fluo-
rescence emission spectra, a unitless fluorescence coefficient (Fc) was
calculated from the following expression,
2 Within the E. coli holoenzyme, the catalytic chains of the top cata-
lytic trimer are numbered C1, C2, and C3, whereas the catalytic chains
of the bottom catalytic trimer are numbered C4, C5, and C6, with C4
under C1. The regulatory dimers contain chains R1–R6, R2–R4, and
R3–R5. A regulatory chain is in direct contact with the same numbered
catalytic chain.
FIG. 1. Ribbon diagram of the three-dimensional structure of
the C1 and C4 catalytic chains of aspartate transcarbamoylase,
with a model of Cys-241 labeled with pyrene, in the T state (A)
and R state (B). To highlight Cys-241 and pyrene they are represented
by ball-and-sticks. The model was created with QUANTA (Accelrys)
and the figure was produced with MOLSCRIPT (50) and RASTER3D
(51).
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where IF is the fluorescence intensity at wavelength i sampled over the
entire emission spectrum at 0.4-nm intervals. The ratio of the sums of
the intensities of the excimer to the monomer fluorescence was used to
significantly reduce the signal to noise. All fluorescence experiments
were performed with the enzyme in 50 mM Tris acetate buffer, pH 8.3.
Saturation curves with the bisubstrate analogue PALA and aspar-
tate analogue succinate (plus saturating carbamoyl phosphate (4.8
mM)) were performed by incremental addition to the pyrene-labeled
enzyme ([C47A/A241C-pyrene]  1 M) until there was no further
change in the fluorescence emission spectrum. To normalize the data,
the Fc for all data points was divided by the Fc at 0 ligand (PALA or
succinate) concentration, and then subtracted by 1. The experimental
data were analyzed in the same manner as the data from the
activity assays.
Nucleotide saturation curves ([C47A/A241C-pyrene]  1 M) were
performed at a subsaturating PALA concentration ([PALA]:[C47A/
A241C-pyrene]  1), a subsaturating succinate concentration ([succi-
nate]  1 mM and [carbamoyl phosphate]  4.8 mM), and also in the
absence of ligands. ATP or CTP were added incrementally until the
enzyme was completely saturated with nucleotide, as indicated by no
further change in the fluorescence spectrum. To normalize the data, the
Fc for all data points was divided by the Fc at 0 nucleotide concentra-
tion. The experimental data were analyzed in the same manner as the
data from the activity assays.
Small Angle X-ray Scattering—The SAXS experiments were per-
formed at Beam Line 4-2 at the Stanford Synchrotron Radiation Lab-
oratory (3.0 GeV, 50–100 mA). The experimental setup and procedures
were performed as described (35, 36).
RESULTS
A Cys Residue on the 240s Loop for Covalent Attachment of a
Fluorescent Probe—The distance between identical residues in
the 240s loop in the C1 and C4 chains of aspartate transcar-
bamoylase changes significantly in the transition from the T to R
states (13, 24). Therefore, the 240s loop was chosen as the loca-
tion for placement of a fluorescent probe that is sensitive to
conformation. We chose to conjugate pyrene site specifically to
our previously constructed 240s loop mutant, C47A/A241C (20).
The substitution of the one naturally occurring cysteine in the
catalytic chain, Cys-47, by alanine ensured site-specific labeling.
After labeling the C47A/A241C holoenzyme with pyrene, the
degree of labeling as determined by mass spectrometry ap-
peared nearly complete. The molecular mass of the catalytic
chain for the C47A/A241C holoenzyme, as determined by mass
spectrometry, was 33,958 Da. The mass spectrum for the C47A/
A241C-pyrene holoenzyme showed a single peak for the cata-
lytic chain, which had a molecular mass of 34,292 Da. This is a
difference in molecular mass of 342 Da, close to the molecular
mass of pyrene maleimide (297.3). The degree of labeling with
pyrene, as determined by the amount of unreacted thiol using
Ellman’s reagent, was 70  10%. The fluorescence emission
spectrum of the C47A/A241C-pyrene-labeled holoenzyme is
shown in Fig. 2A.
Steady-state Kinetics of the Wild-type and Fluorophore-la-
beled Enzymes—The kinetic parameters calculated from the
aspartate saturation curves shown in Fig. 3A are displayed in
Table I. The parameters for wild-type holoenzyme were a max-
imal activity of 17.5 mmol h1 mg1, an [Asp]0.5 of 13.0 mM,
and Hill coefficient of 2.4. The C47A/A241C-pyrene-labeled
holoenzyme exhibited a sigmoidal aspartate saturation curve
similar to that of the wild-type curve, with a maximal activity
of 15.8 mmol h1 mg1, an [Asp]0.5 of 12.5 mM, and somewhat
reduced cooperativity with a Hill coefficient of 1.4.
Influence of the Allosteric Effectors on the Wild-type and
Labeled Enzymes—Nucleotide saturation curves with either
CTP or ATP were determined for the wild-type and C47A/
A241C-pyrene-labeled holoenzymes at one-half the [Asp]0.5,
because the effect of the nucleotides are observed only at sub-
saturating concentrations of aspartate. This concentration of
aspartate was selected because the nucleotides exert a larger
influence on the activity of the enzyme as the aspartate con-
centration is reduced (37). Based upon the nucleotide satura-
tion curves shown in Fig. 4, the maximal extent of activation or
inhibition at infinite nucleotide concentration was calculated.
The parameters obtained from fitting these curves are given in
Table II. ATP activates and CTP inhibits the C47A/A241C-
pyrene-labeled holoenzyme. However, the magnitude of the
nucleotide effect is reduced both for ATP and CTP to approxi-
mately one-half that exhibited by the wild-type holoenzyme.
Considering that the same reduction in the heterotropic effects
of ATP and CTP was observed for the unlabeled C47A/A241C
holoenzyme (20), it can be concluded that the reduced effects
are because of the mutations and not to the pyrene labeling.
Monitoring the Structural Change by Steady-state Fluores-
cence—To determine whether the fluorescence of the C47A/
A241C-pyrene-labeled holoenzyme was sensitive to alterations
in quaternary structure, steady-state fluorescence emission
spectra were recorded in the absence and presence of PALA.
There was a significant change in the fluorescence emission
peaks with increasing PALA concentrations (see Fig. 2A). The
intensity of the peak at 380 nm decreased, concomitant with
the increasing intensity of a broad peak at 480 nm. Shown in
Fig. 2B is a plot of the Fc of the C47A/A241C-pyrene-labeled
holoenzyme as a function of PALA concentration. The sigmoi-
dal data were fit to the Hill equation that gave a Hill coefficient
FIG. 2. A, fluorescence emission spectra for the PALA saturation of
the C47A/A241C-pyrene enzyme. The fluorescence spectra were re-
corded at 20 °C in 50 mM Tris acetate buffer, pH 8.3. The emission
curves are shown for the [PALA]:[C47A/A241C-pyrene]  0 (E), 1, 3, 6,
and 15 (). The [PALA]:[C47A/A241C-pyrene]  0 spectrum is identi-
fied as having the highest peak at 380 nm, and lowest peak at 480 nm.
At each progressively higher value of the [PALA]:[C47A/A241C-pyrene]
ratio, the emission peak at 380 nm decreases and the peak at 480 nm
increases. B, PALA saturation curve for the C47A/A241C-pyrene en-
zyme (E), measured as the change in fluorescence coefficient (Fc). The
fluorescence spectra were recorded at 20 °C in 50 mM Tris acetate
buffer, pH 8.3. The fluorescence coefficient is normalized to 0 for the
molar ratio [PALA]:[C47A/A241C-pyrene]  0. The curve shown corre-
sponds to the fit of the data to the Hill equation.
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of 1.8. The Fc increased until a ratio of approximately six PALA
molecules per molecule was attained. At higher concentrations
of PALA there was only a slight increase in the Fc. When PALA
was added to the C47A/A241C-C-pyrene-labeled catalytic sub-
unit no change in fluorescence was observed (data not shown).
The change in fluorescence emission of the C47A/A241C-
pyrene-labeled holoenzyme was measured as a function of suc-
cinate concentration in the presence of saturating carbamoyl
phosphate (see Fig. 3B). The change in the Fc with increasing
succinate concentration was also sigmoidal with a Hill coeffi-
cient of 2.0.
The change in fluorescence emission of the C47A/A241C-
pyrene-labeled holoenzyme was also measured as a function of
the concentration of the nucleotide effectors ATP and CTP.
Saturating with ATP caused little change in the fluorescence
emission, as the Fc increased only 2%. Saturating with CTP
also caused no change in the fluorescence emission. To observe
the influence of the nucleotides on any structural alterations,
experiments were also performed at a subsaturating concen-
tration of PALA or succinate (plus saturating carbamoyl phos-
phate), setting the [T]/[R] ratio close to 1. With either PALA or
succinate, the Fc increased with increasing ATP concentration,
and decreased with increasing CTP concentration. When the
fluorescence curve ([PALA]:[C47A/A241C-pyrene]  1) from
the ATP saturation was normalized to the ATP saturation
curve (kinetic assay), the curves could be overlaid almost ex-
actly (see Fig. 4). From the ATP saturation fluorescence curves
for both succinate and PALA, the half-saturation values (KATP
 1.3  0.6) were equal, but the Fc values at saturating [ATP]
was greater with succinate (85 versus 50%) than with PALA.
When the fluorescence curve ([PALA]:[C47A/A241C-pyrene] 
1) from the CTP saturation was normalized to the CTP satu-
ration curve (kinetic assay), the curves also could be overlaid
almost exactly (see Fig. 4). From the CTP saturation fluores-
cence curves for both succinate and PALA, the half-saturation
values (KCTP  0.029  0.002) and the Fc values at a saturating
CTP concentration were equal (81%).
Small-angle X-ray Scattering—SAXS was used to evaluate
the quaternary structures of the wild-type holoenzyme and the
FIG. 3. A, aspartate saturation curves for the wild-type holoenzyme
() and the C47A/A241C-pyrene enzyme (). Colorimetric assays were
performed at 25 °C in 50 mM Tris acetate buffer, pH 8.3, at saturating
concentrations of carbamoyl phosphate (4.8 mM). B, succinate satura-
tion curve for the C47A/A241C-pyrene enzyme (E), measured as the
change in fluorescence coefficient. The fluorescence spectra were re-
corded at 20 °C in 50 mM Tris acetate buffer, pH 8.3, at a saturating
concentration of carbamoyl phosphate (4.8 mM). The fluorescence coef-
ficient is normalized to 0 for [succinate]  0. The curves shown corre-
spond to the fit of the data to the Hill equation with an additional term
for substrate inhibition (34).
TABLE I
Kinetic parameters of the wild-type and modified forms of
aspartate transcarbamoylase
These data were determined from the aspartate saturation curves
(Fig. 4). Colorimetric assays were performed at 25°C in 50 mM Tris
acetate buffer, pH 8.3, and saturating levels of carbamoyl phosphate
(4.8 mM). The values reported are the average deviation of
three determinations.
Enzyme Vmax [Asp]0.5 nH
mmolh1mg1 mM
Wild-type 17.5  1.5 13.0  0.9 2.4  0.2
C47A/A241Ca 25.4  2.3 10.8  0.8 1.3  0.1
C47A/A241C-pyrene 15.8  2.5 12.5  0.5 1.4  0.2
a The data for the C47A/A241C is reported under reducing conditions
that prevent the cysteines from forming a disulfide bond between cor-
responding residues in the upper and lower catalytic subunits (20).
FIG. 4. Influence of ATP (circles) and CTP (squares) on the
activity (filled symbols) and relative fluorescence coefficient
(open symbols) of the C47A/A241C-pyrene enzyme. Colorimetric
assays were performed at 25 °C in 50 mM Tris acetate buffer, pH 8.3, at
saturating concentrations of carbamoyl phosphate (4.8 mM). The aspar-
tate concentration was held constant at half the [Asp]0.5. The fluores-
cence spectra for the saturation of C47A/A241C-pyrene with nucleo-
tides was performed at 20 °C in 50 mM Tris acetate buffer, pH 8.3, and
the [PALA]:[C47A/A241C-pyrene]  1. The fluorescence and activity
data were scaled so that the maximum change at infinite nucleotide was
the same. Data were fit to a simple Langmuir binding isotherm.
TABLE II
ATP activation and CTP inhibition of the wild-type and modified
forms of aspartate transcarbamoylase
These data were determined from ATP and CTP saturation curves
(Fig. 5). Colorimetric assays were performed at 25°C in 50 mM Tris
acetate buffer, pH 8.3. ATP and CTP saturation curves were deter-
mined at saturating levels of carbamoyl phosphate (4.8 mM) and as-
partate concentrations at one-half the [Asp]0.5 of the respective holoen-
zyme at pH 8.3. The values reported are the average deviation of
three determinations.
Enzyme ATPa KATP
b CTPc KCTP
b
% %
Wild-type 450 1.1 25 0.12
C47A/A241C-pyrene 220 1.6 59 0.033
C47A/A241C-pyrened 150 1.3 81 0.029
a Percent activation is defined as 100 (AATP/A), where AATP is the
activity in the presence of ATP and A is the activity in the absence
of ATP.
bK is the nucleotide concentration required to activate or inhibit the
enzyme by 50% of the maximal effect.
c Percent residual activity is defined as 100 (ACTP/A), where ACTP is
the activity in the presence of CTP and A is the activity in the absence
of CTP.
d Values derived from fluorescence coefficient, Fc, measured by nu-
cleotide saturation curves (Fig. 5) of C47A/A241C-pyrene-labeled ho-
loenzyme liganded with an equimolar amount of PALA at 25 °C in 50
mM Tris acetate buffer, pH 8.3.
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C47A/A241C-pyrene holoenzyme in the absence and presence
of saturating concentrations of PALA (see Fig. 5). The data for
the wild-type holoenzyme, shown in Fig. 5A, displays the char-
acteristic change in the scattering pattern upon addition of
PALA, as noted by the change in the peak position and increase
in relative intensity (15) accompanying the T to R state tran-
sition. The scattering patterns of the C47A/A241C-pyrene ho-
loenzyme are shown in Fig. 5B. The unliganded C47A/A241C-
pyrene-labeled holoenzyme displayed the same characteristic
change in the peak position and relative intensity of the scat-
tering pattern as the wild-type holoenzyme from addition of
PALA.
Monitoring the Structural Change by Stopped-flow Fluores-
cence and SAXS—The time evolution of the change in fluores-
cence induced by the binding of the natural substrates carbamoyl
phosphate and aspartate to the C47A/A241C-pyrene-labeled
holoenzyme was monitored by stopped-flow fluorescence. As
seen in Fig. 6, when a saturating concentration of aspartate
was mixed with the C47A/A241C-pyrene-labeled holoenzyme
saturated with carbamoyl phosphate the fluorescence changes
and then levels off. To correlate the change in fluorescence with
the quaternary structural change, stopped-flow SAXS was em-
ployed (36). The relative change in the SAXS intensity, when a
saturating concentration of aspartate was mixed with C47A/
A241C-pyrene-labeled holoenzyme saturated with carbamoyl
phosphate, was very similar to that observed by fluorescence.
The buffer and pH used for the florescence and stopped-flow
SAXS were identical; however, the SAXS experiment required
an enzyme concentration 500-fold (35 mg/ml) higher than
used for the fluorescence experiments.
DISCUSSION
Aspartate transcarbamoylase has two allosteric states, T
and R, each distinct in structure and function. The quaternary
structural transition from the low affinity, low activity T state
to the high affinity, high activity R state upon binding sub-
strate analogues has been well demonstrated (9, 14, 24, 38, 39).
However, details of the structural transition between the T and
R states have been difficult to obtain. To be able to observe the
actual T to R transition in aspartate transcarbamoylase, as
well as to monitor structural changes induced by the hetero-
tropic effectors, we have developed a fluorescent-labeled ver-
sion of aspartate transcarbamoylase that not only has kinetic
characteristics similar to the wild-type enzyme, but also fluo-
resces uniquely in the R quaternary structure.
The fluorescent label was attached to the enzyme site-spe-
cifically in the 240s loop of the catalytic chain of the enzyme
because the 240s loops at the C1:C4 interface are much closer
in the R state than in the T state (13, 24). For instance, the
distance between side chains for a pair of identical residues in
the region 236–241 at the C1:C4 interface is greater than 20 Å
in the T state, whereas this distance becomes less than 10 Å in
the R state. Pyrene was selected as the fluorophore because it
absorbs in the near UV region, and is sensitive to the proximity
of another pyrene, as a large change in the fluorescence emis-
sion spectrum occurs upon excimer formation (21). The fluores-
cence emission spectrum of pyrene is characterized by a mono-
meric emission peak at 380 nm, which decreases with a
concomitant increase in a broad peak at 480 nm upon excimer
formation. This excimer emission occurs only when two
pyrenes are within 10 Å of one another (21). Previous fluo-
rescence studies of aspartate transcarbamoylase were per-
formed in which the Tyr-240 was substituted by Trp in the 240s
loop; and this mutant enzyme was sensitive to the conforma-
tional change of the 240s loop (40, 41), but the fluorescence
changes were not directly correlated with the quaternary struc-
tural transition as determined by SAXS.
We chose to substitute a Cys residue into the 240s loop for
covalent attachment of pyrene. However, because many of the
residues in the 240s loop are critical for the proper allosteric
regulation of this enzyme, such as Asp-236 (42) and Glu-239
(43), and because we sought a system that closely resembled
the kinetics of the wild-type enzyme, our choices for residues to
mutate to Cys were limited. Therefore, we chose as the best
candidate a double mutant enzyme previously created in our
laboratory, C47A/A241C, which was known to have kinetic
parameters very similar to that of the wild-type enzyme (20).
FIG. 6. Time evolution of the structural change after mixing
with the substrates (final concentration after mixing; [aspar-
tate] 50 mM, [carbamoyl phosphate] 50 mM) for the wild-type
holoenzyme (Œ), as measured by stopped-flow SAXS, and for the
C47A/A241C-pyrene holoenzyme (solid line), as measured by
stopped-flow fluorescence. For the SAXS experiments the relative
change is expressed as the scattering intensity integrated between the
scattering angles (h  (2 sin)/ (Å1)) h  0.085 and h  0.156. The
fluorescence intensity is the relative fluorescence intensity at 480 nm
(excimer band). The data from the two separate experiments were
scaled to fit. Both the SAXS and fluorescence stopped-flow experiments
were performed at 5 °C in 50 mM Tris acetate buffer, pH 8.3. Because
of the difference in sensitivity, the enzyme concentration in the SAXS
experiment was 500-fold higher than in the fluorescence experiment.
FIG. 5. Solution low-angle x-ray
scattering curves for the wild-type
(A) and C47A/A241C-pyrene (B) ho-
loenzymes. For each enzyme (A and B),
curves are shown in the absence of ligands
(E, thin line), and in the presence of 2 mM
PALA (, thick line). The x-ray scattering
experiments were performed at 20 °C in
50 mM Tris acetate buffer, pH 8.3.
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Site-specific labeling with pyrene at Cys-241 was assured as
the single cysteine in the wild-type catalytic chain, Cys-47, had
been replaced with Ala. The mass spectrometry and the deter-
mination of unreacted thiol with Ellman’s reagent suggest that
most of the C47A/A241C-pyrene enzyme was labeled.
The C47A/A241C-pyrene enzyme was tested in several ex-
periments to determine whether it behaved as does the wild-
type enzyme. The aspartate saturation curve of C47A/A241C-
pyrene was sigmoidal, and the maximal velocity and [Asp]0.5
were close to the wild-type values (Table I). The nucleotide
saturation curves of C47A/A241C-pyrene demonstrated activa-
tion by ATP and inhibition by CTP in a manner similar to that
of the wild-type enzyme, albeit with lower activation by ATP
and lower inhibition by CTP (Table II). The unliganded C47A/
A241C-pyrene enzyme (Fig. 5B) exhibited a SAXS pattern sim-
ilar to that of the wild-type enzyme in the absence of ligands
(Fig. 5A). In the presence of PALA, the C47A/A241C-pyrene
enzyme demonstrated the same shift in peak position and
relative intensity as did the wild-type enzyme in the presence
of PALA indicating that the enzyme undergoes the allosteric
transition.
Because the pyrenes on the 240s loops should be much closer
in the R state than the T state, as shown in our model of the C1
and C4 catalytic chains conjugated with pyrene at Cys-241 in
Fig. 1, excimer formation should only occur in the R state.
Excimer formation caused by the T to R state transition upon
addition of PALA was successfully demonstrated (see Fig. 2A).
In addition, as shown in Figs. 2B and 3B, the increase in the Fc
upon saturation with PALA or succinate (in the presence of
saturating carbamoyl phosphate) is sigmoidal, demonstrating
the cooperative nature of PALA and succinate binding, analo-
gous to the cooperative binding of the substrate aspartate. The
fluorescence change is complete only after six molecules of
PALA per molecule of holoenzyme have been added, as opposed
to the structural change as monitored by SAXS that is complete
by the addition of 3 PALA molecules per holoenzyme. These
results indicate that the allosteric transition of aspartate tran-
scarbamoylase is composed of linked global and local changes
in structure. For fluorescence to be observed not only does the
enzyme have to be in the expanded quaternary structure, but
also local changes in the 240s loop must occur. The conforma-
tional changes associated with the binding of PALA have been
observed by x-ray crystallography in both in the holoenzyme
(44) as well as the isolated catalytic subunit (45).
To confirm that the change in fluorescence emission observed
upon addition of PALA to the C47A/A241C-pyrene holoenzyme
was caused by the quaternary structural change and closure of
the 240s loops after the binding of the bisubstrate analogue
PALA, and not simply the binding of PALA to the active site,
the isolated C47A/A241C-c catalytic subunit was also labeled
with the pyrene fluorophore. No excimer formation was ob-
served when the C47A/A241C-c-pyrene catalytic subunit was
saturated with PALA. In the case of the isolated catalytic
subunit the closure of the domains of the catalytic chains is a
requirement for the formation of the active site and catalysis.
However, the conformational changes that occur in the isolated
catalytic subunit cannot occur in the holoenzyme without an
expansion of the enzyme along the 3-fold axis, because the
closure of the domains and the movement of the 240s loops is
impossible because of steric constraints imposed by a catalytic
chain in the opposite catalytic subunit.
To correlate the quaternary structural change with the
change in fluorescence because of the formation of the excimer
in the presence of the natural substrates, stopped-flow SAXS
was employed. As seen in Fig. 6, there is a close correlation
between the rate of the structural change observed by stopped-
flow SAXS and the rate of change in the fluorescence change.
Because saturating concentrations of substrates were used in
these experiments all of the enzyme active sites should be
filled, as opposed to the data in Fig. 2 in which the observed
fluorescence was monitored as a function of substrate saturat-
ing. These data support the conclusion that excimer formation
directly reflects the alterations in quaternary structure of
the enzyme.
Because of the ordered binding of the substrates in aspartate
transcarbamoylase, the allosteric transition is monitored as a
function of aspartate concentration at a saturating concentra-
tion of carbamoyl phosphate. The binding of aspartate requires
the closure of the two domains of the catalytic chain and the
repositioning of the 80s and 240s loops resulting in the high
activity, high affinity active site. However, this domain closure
cannot take place in a single active site because the movement
of the domains in an upper catalytic chain is blocked by the
corresponding domains in a lower catalytic chain (44). Thus,
the binding of aspartate in the presence of carbamoyl phos-
phate induces the allosteric transition (44). The results re-
ported here as well as Trp fluorescence experiments (40) indi-
cate that once the quaternary structural change has occurred,
the 240s loop positions in the catalytic chains that have not
bound aspartate must be a different conformation from the
ones that have bound aspartate. Thus, the allosteric transition
in aspartate transcarbamoylase is composed of the quaternary
structural change accompanied by local conformational
changes near the active sites. The local conformational changes
are not induced by the quaternary structural change but rather
occur on a site by site basis induced by the binding of substrates
to each of the high affinity active sites created by the quater-
nary structural change. The change in the fluorescence ob-
served upon addition of PALA to the C47A/A241C-pyrene-la-
beled holoenzyme suggests that the global structural change
puts the enzyme into the R quaternary structure and primes
the active sites for substrate binding. However, it is the binding
of PALA, or aspartate in the presence of carbamoyl phosphate,
that causes the final repositioning of the 240s loop into its
catalytically active conformation. These local conformational
changes may actually occur in a transient fashion to allow
product release after the reaction has taken place.
To examine whether the effect exerted by the nucleotides
would cause a change in the fluorescence emission, fluores-
cence spectra were recorded for the C47A/A241C-pyrene ho-
loenzyme at a saturating concentration of ATP or CTP. ATP
induced only a very small increase in the Fc, whereas CTP
induced no measurable decrease in the Fc. This agrees with
structural studies that show that ATP and CTP do not appre-
ciably change the quaternary structure of the enzyme (46). The
influence of ATP and CTP was also examined after addition of
a subsaturating amount of PALA or succinate, as was done in
SAXS experiments that measured the effect of the nucleotides
on the wild-type enzyme (47, 48). In the first study, the authors
observed an effect on the [T]/[R] equilibrium for both ATP and
CTP when succinate and carbamoyl phosphate were used.
However, they detected no effect by ATP on the [T]/[R] equilib-
rium when PALA was used. This equilibrium shift in the case
of ATP was interpreted as a secondary effect caused by a
change in affinity for the substrate analogue, succinate. As
demonstrated by our fluorescence data, shown in Fig. 4, the Fc
increased in a hyperbolic manner upon saturation with ATP in
the presence of a subsaturating concentration PALA. In addi-
tion, when the fluorescence curve from the ATP saturation was
normalized to the ATP saturation curve (kinetic assay), the
curves could be overlaid almost exactly. There was a greater
effect upon the fluorescence emission by ATP with succinate
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than with PALA, with an increase in the Fc of 85%. In addition,
when the fluorescence curve from the CTP saturation was
normalized to the CTP saturation curve (kinetic assay), the
curves overlaid exactly (Fig. 4). The effect of CTP upon the
fluorescence emission was the same with succinate and PALA.
Because of the strong evidence, from the SAXS experiments
(47, 48) that the nucleotide ATP does not perturb the [T]/[R]
equilibrium, our results suggest that the effect of ATP on the
activity of aspartate transcarbamoylase is to cause a local
change in the conformation of the 240s loop in the R state. We
suggest that the conformational change is the closure of the
240s loops in the catalytic chains that do not have substrate
bound to form the high affinity, high activity active site. The
effect of CTP upon activity appears to be caused by a pertur-
bation of the [T]/[R] equilibrium, which both our fluorescence
results and the SAXS experiments suggest. Another possibility
concerning the effect of CTP is that in addition to the structural
equilibrium shift the opposite effect of ATP on the conformation
of the 240s loops occurs, causing an opening of the 240s loops in
the R state to decrease the number of catalytic chains with the
fully formed active site. Thus, the fluorescence changes ob-
served by the addition of ATP and CTP are directly related to
the position of the 240s loop as it either helps to create the
active site (ATP) or prevents the active site from forming
(CTP).
The availability of the pyrene-labeled enzyme developed here
provides a new tool for the study of aspartate transcarbamoy-
lase and the structural changes that the molecule undergoes.
For example, the quaternary conformation of the enzyme that
is trapped in silica matrix sol-gels can be directly determined
(49) and fluorescence stopped-flow will not only allow the direct
monitoring of the allosteric conformational change but also
allow a means to directly determine how the regulatory nucle-
otides alter the rate of the allosteric transition.
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Here, we present a study of the conformational changes of the quaternary
structure of Escherichia coli aspartate transcarbamoylase, as monitored by
time-resolved small-angle X-ray scattering, upon combining with sub-
strates, substrate analogs, and nucleotide effectors at temperatures between
5 and 22 °C, obviating the need for ethylene glycol. Time-resolved small-
angle X-ray scattering time courses tracking the T→R structural change
after mixing with substrates or substrate analogs appeared to be a single
phase under some conditions and biphasic under other conditions, which
we ascribe to multiple ligation states producing a time course composed of
multiple rates. Increasing the concentration of substrates up to a certain
point increased the T→R transition rate, with no further increase in rate
beyond that point. Most strikingly, after addition of N-phosphonacetyl-L-
aspartate to the enzyme, the transition rate was more than 1 order of
magnitude slower than with the natural substrates. These results on the
homotropic mechanism are consistent with a concerted transition between
structural and functional states of either low affinity, low activity or high
affinity, high activity for aspartate. Addition of ATP along with the
substrates increased the rate of the transition from the T to the R state and
also decreased the duration of the R-state steady-state phase. Addition of
CTP or the combination of CTP/UTP to the substrates significantly
decreased the rate of the T→R transition and caused a shift in the enzyme
population towards the T state even at saturating substrate concentrations.
These results on the heterotropic mechanism suggest a destabilization of the
T state by ATP and a destabilization of the R state by CTP and CTP/UTP,
consistent with the T and R state crystallographic structures of aspartate
transcarbamoylase in the presence of the heterotropic effectors.
© 2008 Elsevier Ltd. All rights reserved.
Edited by R. Huber
Keywords: cooperativity; quaternary structure; allosteric transition; small-
angle X-ray scattering
Introduction
Aspartate transcarbamoylase (E.C.2.1.3.2, ATCase)
catalyzes one of the first steps in pyrimidine nucleo-
tide biosynthesis, the reaction of carbamoyl phos-
phate (CP), with L-aspartate (Asp) to form N-
carbamoyl-L-aspartate and inorganic phosphate
(Pi).
1 In many prokaryotes such as Escherichia coli,
this reaction is the committed step in pyrimidine
nucleotide biosynthesis. E. coli ATCase is composed
of two types of subunits. The two larger or catalytic
subunits are each composed of three identical poly-
*Corresponding author. E-mail address:
evan.kantrowitz@bc.edu.
Abbreviations used: ATCase, aspartate
transcarbamoylase (EC 2.1.3.2, aspartate
carbamoyltransferase); CA, carbamoyl aspartate; CP,
carbamoyl phosphate; NIH, National Institutes of Health;
PALA, N-phosphonacetyl-L-aspartate; Pi, inorganic
phosphate; SSRL, Stanford Synchrotron Radiation
Laboratory; TR-SAXS, time-resolved small-angle X-ray
scattering.
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peptide chains (Mr=34,000), while the three smaller
or regulatory subunits are each composed of two
identical polypeptide chains (Mr=17,000). Each of
the six active sites is located at the interface between
two adjacent catalytic chains, and side chains re-
quired for catalysis are recruited to the active site
from both chains.2 The enzyme demonstrates homo-
tropic cooperativity for the substrate Asp and is
heterotropically regulated by the effectorsATP, CTP,3
and UTP in the presence of CTP.4
The structures of the low-activity T state (in the
absence of substrates)5,6 and high-activity R state [in
the presence of substrates or substrate analogs such
as N-phosphonacetyl-L-aspartate (PALA)]7–9 have
been determined by X-ray crystallography. A
comparison of the T and R structures reveals that
during the T→R transition, the two catalytic trimers
increase their separation along the 3-fold axis by
about 11 Å and rotate about 5° around the same axis,
while the regulatory dimers rotate about 15° around
their respective 2-fold axes.10 The 11-Å expansion of
the enzyme observed during the T→R transition is
easily monitored by small-angle X-ray scattering
(SAXS).11 Thus, the SAXS pattern is a sensitive and
specific probe to study the quaternary conforma-
tional changes of the enzyme.
By using SAXS as a structural probe in stopped-
flow experiments, the time evolution of the qua-
ternary conformational changes of ATCase has been
monitored.12,13 These studies showed that the
enzyme when mixed with substrates is very quickly
converted from the T to the R state, the enzyme
remains in the R state until substrates are exhausted,
and then the enzyme reverts to the T state. These
early studies required integration of the signal over
time intervals of 100–200 ms and averaging over
many runs to improve the signal-to-noise ratio.12,13
Because of the relatively long time window for each
point, it was necessary to slow the reaction rate,
which was done by performing the reaction at −5 °C
in a buffer containing 20% ethylene glycol.
Dreyfus et al. showed that a variety of alcohols
such as methanol, ethanol, 1-propanol, 2-propanol,
1-butanol, and 2-methyl-2-propanol have a signifi-
cant influence on the activity and homotropic coope-
rativity of ATCase.14 For example, 20% methanol or
ethanol reduced the activity of ATCase by approxi-
mately 90%. Additional studies with 15% ethanol
showed a shift in the pH optimum of the reaction
and an alteration in the Hill coefficient. Their inter-
pretation of these solvent effects was that the
cosolvent preferentially stabilized the T or R state
of the enzyme depending upon the relative concen-
tration and polarity of the cosolvent. For the simple
alcohols, the primary effect was stabilization of the T
state. Although ethylene glycol was not investigated
by Dreyfus et al., one would predict that ethylene
glycol with its two hydroxyl groups would behave
similarly to methanol and ethanol.14
Here, we reinvestigate the time evolution of the
quaternary conformational changes of ATCase in the
absence of ethylene glycol. This was made possible
by significant instrumental developments including
a fast CCD X-ray detector and a high-flux X-ray
beam via a multilayer monochromator,15 with an
increase in beam brightness due to the update of the
synchrotron storage ring at Stanford Synchrotron
Radiation Laboratory (SSRL) to SPEAR3, a third-
generation source. These improvements allowed the
collection of time-resolved SAXS (TR-SAXS) data at
a time resolution as short as 5 ms. Using this system,
we were able to study the quaternary conforma-
tional changes of ATCase in the temperature range
of 5–22 °C in the absence of ethylene glycol.
Results
Kinetics of the ATCase reaction in the presence
of ethylene glycol
Since previous TR-SAXS experiments were per-
formed in the presence of 20% ethylene glycol,12,13
and Dreyfus et al. showed that a variety of alcohols
at concentrations of 20% or less can dramatically
alter the catalytic turnover rate and cooperativity of
Fig. 1. (a) The dependence of activity of ATCase on the
concentration of ethylene glycol. All measurements were
made at 5 °C in the presence of 50 mMTris and 2mMDTT,
pH8.3. (b) Influence of the nucleotide effectors ATP and
CTP on the activity of ATCase in the presence and absence
of 20% ethylene glycol. Colorimetric assays were per-
formed at 5 °C in 50 mM Tris acetate buffer (pH8.3) at a
subsaturating concentration of L-Asp (2.4 mM) and
saturating CP concentration (4.8 mM), in the presence of
ATP and 20% ethylene glycol (v/v) (○), in the presence of
ATP and in the absence of ethylene glycol (●), in the
presence of CTP and 20% ethylene glycol (v/v) (□), and in
the presence of CTP and in the absence of ethylene glycol
(v/v) (▪).
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ATCase,14 kinetic assays were performed in the
presence of ethylene glycol to determine if it had
any influence on the ATCase reaction. As shown in
Fig. 1a, ethylene glycol dramatically reduced the
activity of ATCase at 5 °C. In the presence of 20%
ethylene glycol, the activity of the enzyme was re-
duced by 75%. In addition to reducing the activity
of the enzyme, ethylene glycol had a small influence
on homotropic cooperativity (data not shown).
Ethylene glycol also has a significant influence on
the ability of the heterotropic effectors to modulate
enzyme activity. As shown in Fig. 1b at 5 °C, the
presence of 20% ethylene glycol increased the acti-
vation of the enzyme by ATP while reducing the
inhibition by CTP. The maximal activation by ATP
increased from 220% to 274% in the presence of 20%
ethylene glycol. The residual activity at a saturating
concentration of CTPwas 29% as compared to 48% in
the presence of ethylene glycol. The value of KATP (K
is the nucleotide concentration required at 50%
maximal activation or inhibition of the enzyme)
increased from0.47 to 0.72mM in the presence of 20%
ethylene glycol. The value of KCTP increased from 7.8
to 14.5 μM in the presence of 20% ethylene glycol.
The ability of UTP to act as a synergistic inhibitor
of ATCase in the presence of CTP4 was also tested at
5 °C in the absence and presence of 20% ethylene
glycol. In the absence of ethylene glycol, the
combination of 4 mM CTP and 4 mM UTP (CTP/
UTP) yielded a residual activity of the enzyme of
22%, whereas in the presence of ethylene glycol, the
combination of CTP/UTP yielded a residual activity
of the enzyme of 28%.
Kinetics of the ATCase reaction at 5 °C
Because the TR-SAXS experiments reported here
were performed at temperatures as low as 5 °C, the
kinetic properties of ATCase were fully character-
ized at 5 °C in the same buffers used for the TR-
SAXS experiments (Fig. 2). As shown in Table 1,
many aspects of catalysis at 25 °C are not only
quantitatively different at 5 °C but also, in some
cases, qualitatively different. As would be expected,
the maximal observed velocity was reduced by
nearly 5-fold. This reduction in velocity was
accompanied by an almost 3-fold decrease in the
concentration of Asp required for half-maximal
activity ([Asp]0.5) and a decease in the Hill coeffi-
cient (nH) from 2.6 to 2.0. The observed changes in
[Asp]0.5 and nH are similar to the changes observed
when Asp saturating curves are determined in the
presence of ATP, suggesting that, similar to ATP,
lower temperatures shift the equilibrium towards
the R state. This phenomenon was demonstrated in
a previous SAXS study by the shift in the structural
equilibriumof themutantD236Aenzyme in thedirec-
tion of the R state with decreasing temperature.16 At
5 °C, the [Asp]0.5 decreased nearly 2-fold in the
presence of ATP, increased 20% in the presence of
UTP, increased more than 2-fold in the presence of
CTP, and increased by a factor of 2.5 in the presence
of CTP/UTP. A similar trend was also observed at
25 °C. The [Asp]0.5 decreased more than 2-fold in
the presence of ATP, increased 10% in the presence
of UTP, increased nearly 2-fold in the presence of
Fig. 2. L-Asp saturation kinetics in the absence and
presence of the nucleotide effectors at (a) 5 °C and (b)
25 °C. Reactions were carried out in 50 mM Tris buffer,
pH8.3. The kinetic curves were determined in the pre-
sence of 5 mM ATP (▵), 4 mM CTP (□), 4 mM UTP (▪),and 4 mM CTP and 4 mM UTP (▴) as compared to the
saturation kinetics in the absence of nucleotide (●).
Specific activity is reported in units of millimoles of CA
formed per milligram per hour.
Table 1. Kinetic parameters of ATCase with nucleotide effectors at 25 and 5 °C
Conditionsa Vmax
b
[Asp]0.5
c,
25 °C nH
d Vmax
b
[Asp]0.5
c,
5 °C nH
d
No NTPs 19.1±0.3 12.7 2.6±0.2 4.2±0.5 5.1 2.0±0.1
5 mM ATP 19.8±0.7 6.1 1.4±0.1 5.4±0.2 2.9 1.6±0.2
4 mM CTP 17.9±0.9 21.2 2.4±0.1 3.6±0.2 11.3 3.0±0.1
4 mM UTP 18.4±0.2 13.5 2.3±0.1 4.1±0.6 5.9 2.2±0.1
4 mM CTP/UTP 17.3±0.4 28.6 2.9±0.1 3.0±0.4 12.5 3.0±0.1
a All experiments were performed in 50 mM Tris–acetate buffer (pH8.3) at a saturating CP concentration (4.8 mM).
b The maximal observed velocity (in millimoles per hour per milligram).
c The observed concentration of L-Asp (in millimolar) that produces one-half the observed maximal velocity.
d Hill coefficient.
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CTP, and increased by 2.3-fold in the presence of
CTP/UTP.
The kinetic data at 5 °C were plotted as v/Vmax
versus [Asp] as shown in Fig. 3 and fitted by the
theoretical curve of YAsp (fraction of active sites occu-
pied by Asp) versus αKR(Asp), which is derived from
the equations of the theoretical two-state allosteric
transition model proposed by Monod et al.17,18
YAsp ¼
a 1þ að Þn1þLVacAsp 1þ acAsp
 n1
1þ að ÞnþLV 1þ acAsp
 n
where α=[Asp]/KR(Asp), L′ is the allosteric equili-
brium constant in the presence of saturating CP, and
cAsp=KR(Asp)/KT(Asp). KT(Asp) and KR(Asp) are the
dissociation constants of Asp for the Tand R allosteric
states, respectively. A value of L′=10 was obtained
from the static SAXSdata shown in Fig. 4, according to
the methods of Tsuruta et al.13 The starting point used
for KR(Asp) was the [Asp]0.5=5.1 mM value obtained
from the kinetic data. After obtaining a suitable fit
for the data, the values of KR(Asp)=3.5±0.5 mM and
KT(Asp)=40±10 mM were derived.
Time-resolved X-ray scattering: Effect of
substrates and substrate analogs
TR-SAXS was used to monitor the quaternary con-
formational changes that ATCase undergoes when
the enzyme is mixed with substrates. Using the high
beam flux obtained by the multilayer monochroma-
tor and fast CCD detector at SSRL, practical time
resolution of the TR-SAXS data collection was
improved from 100–200 ms19 to as low as 5 ms in a
single mixing event. However, the rate constants for
the T→R transition presented here were obtained
from the 19-ms collection rate data, because at this
rate, the signal-to-noise ratio was significantly better
and fast enough to recordmuch of the transition. This
improvement in detection allowed reactions to be
monitored in the temperature range between 5 and
22 °C, rather than at −5 °C as previously reported.19
Shown in Fig. 5a are a series of SAXS patterns
recorded upon mixing 1.5 mM ATCase (in active
sites) plus 50 mM CP in one syringe with 100 mM
Fig. 3. L-Asp saturation kinetics at 5 °C fitted by a
theoretical curve calculated from a modified Monod et al.
equation and using parameters listed in the text. Reactions
were carried out in 50 mM Tris buffer, pH8.3.
Fig. 4. Steady-state SAXS patterns of ATCase without
ligands (○), with 50 mM CP (●), and with 5 mM PALA
(□). The allosteric equilibrium constant was calculated
from these curves as L′=10.
Fig. 5. (a) A time series of SAXS patterns of 0.75 mM
ATCase (in active sites) mixed with 50 mM substrates (CP
and L-Asp) and 50 mM CP plus 50 mM D-Asp as a T-state
control, at 5 °C. The SAXS patterns of the enzyme with the
substrates are shown for 38 ms (○), 380 ms (□), and
3800 ms (●) after mixing. The SAXS pattern of the enzyme
with CP and D-asp is shown for 3800 ms (△, short dashed
curve) after mixing. The long dashed curve (▪) iscalculated for an L=0.5, from the sum of 0.33×(T-state
curve) and 0.67×(R-state curve). (b) Time courses of the
quaternary structure change after mixing with substrates
(continuous line) and 50mMCPplus 50mMD-Asp (broken
line), as monitored by the scattering intensity integrated
over the s-range 0.01–0.02 Å−1. Inset: First 300 ms of the
structural change after mixing with substrates shown
along with the curve fit (two-exponential) to the data.
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Asp plus 50 mM CP in the second syringe at 5 °C.
Immediately after mixing, the enzyme concentration
was 0.75 mM in active sites (37.5 mg/ml), while the
CP and Asp concentrations were each 50 mM. The
SAXS patterns shown in Fig. 5a are at 38, 380, and
3800 ms. The scattering pattern at 38 ms does not
correspond to either the T or R states as the enzyme
population is in the process of undergoing the
quaternary conformational change. The pattern at
380 ms is essentially identical with the curve of the
enzyme in the presence of PALA (R state), while the
curve at 3800 ms is essentially the same as that
observed in the presence of D-Asp and CP (T state).
To determine if the curve at 38 ms corresponded to
the formation of a transient intermediate on the
pathway between the T and R states, we generated a
curve from a sum of fractions of the T-state (33%) and
R-state (67%) curves corresponding to a value of
L=0.5.13 This generated curve is a near match to the
X-ray scattering curve recorded at t=38 ms after
mixing the enzyme with substrates.
The area under the curves between s=0.01 Å−1
and s=0.02 Å−1 was integrated and plotted as a
function of time in order to help visualize the time
course of structural change. This integration con-
verts observed scattering intensity to relative con-
centration of the enzyme species on the basis that
solution scattering intensity reflects relative concen-
tration of each species linearly, in the absence of
oligomeric state changes. Figure 5b shows the time-
dependent change in the integrated intensity of the
SAXS pattern for this experiment. At t≅5–10 ms
(t=0 as shown on the plot; the dead time of the
stopped-flow mixer is approximately 5–10 ms), the
enzyme population is nearly an equal mixture of T
and R state molecules. Between t=100 ms and
t=1500 ms, 95% of the enzyme population is in the R
state as the enzyme catalyzes the reaction converting
Asp and CP into carbamoyl aspartate (CA) and Pi.
After t=1500 ms, the enzyme population returns to
the T state as the substrates are depleted, and after
3000 ms, virtually the entire enzyme population is
back in the T state. At 5 °C, the turnover rate at
maximal velocity of the holoenzyme is 350±40 s−1.
At a substrate concentration of 50 mM and an active-
site concentration of 0.75 mM, the substrate:holoen-
zyme ratio is 400; hence, it should take 1–1.3 s to
consume the substrate. The R-state plateau, defined
here as the region of N95% of the peak amplitude of
the integrated scattering curve, has a total duration
of 1.4 s, which demonstrates that enzyme quickly
reverts to the T state after depleting the substrates.
When ATCase is mixed with D-Asp and CP (final
concentrations, 0.75 mM active sites; [D-Asp]=[CP]=
50 mM), the TR-SAXS curve showed virtually no
change (see Figs. 5 and 6). The use of D-Asp thus
provides a control for the L-Asp experiments with a
compound with equal scattering potential or elec-
tron density and as a control for the T-state
scattering curve as previously described.19 The
integrated intensity at the end of the experiment
when L-Asp and CP are mixed was practically
identical with that observed when D-Asp and CP are
mixed with enzyme. Because the TR-SAXS curve
returns to the level observed in the presence of D-
Asp and CP, it is clear that virtually the entire
enzyme population has reverted to the T state after
the substrates have been depleted.
The initial time course of the structural change
after combining the enzyme with substrates or
substrate analogs appeared to fit to either a single
or double exponential depending upon the experi-
mental conditions. Therefore, each set of data was fit
to both exponential fits and the number of rate
constants [represented as kT→R(1) for the first or fast
Fig. 6. Time course of the quaternary structure change
of 0.75 mM ATCase (in active sites) as monitored by the
scattering intensity integrated over the s-range 0.01–
0.02 Å−1. The final substrate or substrate analog con-
centrations after mixing were [CP]=[L-Asp]=50 mM (○),
[CP]=50 mM and [PALA]=5 mM (●), and [CP]=[D-Asp]
=50 mM (□). Data displayed are from a 36-ms collection
rate. Inset: First 1000 ms of the structural change after
mixing with substrates or substrate analogs. Data dis-
played are from a 19-ms collection rate.
Table 2. Kinetic parameters for the T-to-R allosteric
transition of ATCase at 5 °C
Conditionsa
kT→R1
b
(s−1)
kT→R2
c
(s−1)
25 mM substratesd 18.3±0.6
50 mM substrates 51±4 7.6±1
100 mM substrates 51±5 6.3±0.9
50 mM substrates+5 mM ATP 89±20 7.9±1
50 mM substrates+4 mM UTP 52±8 14.8±1.8
50 mM substrates+4 mM CTP 12±0.3
50 mM substrates+4 mM CTP 10.3±0.3
+4 mM UTP
50 mM succinate+50 mM CP 38±1
5 mM PALA+50 mM CP 1.53±0.19 0.31±0.05
a These experiments were performed in 50 mM Tris–acetate
buffer (pH8.3), with a final enzyme concentration of 37.5 mg/ml
after mixing, equal concentrations of substrates ([L-Asp]=[CP])
unless otherwise stated, and data points recorded at 19-ms
intervals.
b Rate constant of fast phase or first phase of two-exponential
fit.
c Rate constant of slow phase or second phase of two-
exponential fit, where applicable.
d Final enzyme concentration used was 18.75 mg/ml, because
at this low substrate concentration (and a relatively high enzyme
concentration), the substrates were exhausted before the enzyme
fully attained the R state.
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phase and kT→R(2) for the second or slow phase,
where applicable] reported reflects which fit was
superior. As demonstrated by the rate constant data
for the quaternary structural change in Table 2,
increasing the substrate concentration from 25 to
50 mM and doubling the enzyme concentration
increased the rate of the fast phase of the transition
from 18.3 to 51 s−1. In this experiment, it was
necessary to use a lower enzyme concentration at
the lower substrate concentration in order to
observe the full T-to-R conversion of the enzyme
population before significant depletion of the sub-
strates. Lowering the enzyme concentration by one-
half, to 18 mg/ml, and half again, to 9 mg/ml, while
keeping the substrate concentration at 50 mM, did
not change the rate of the fast or slow phase, within
error, of the T→R transition (data not shown).
Therefore, an enzyme concentration of 37.5 mg/ml
was used for all experiments, with the previous
exception, for a superior signal-to-noise ratio for the
scattering data. Increasing the substrate concentra-
tion further to 100 mM while maintaining the same
enzyme concentration (37.5 mg/ml) did not change
the rate of transition for the fast or slow phases, as
might be expected since this concentration was
much higher than the [Asp]0.5 value of 5.1 mM.
In order to establish the value for the integrated
intensity and scattering pattern of the R-state struc-
ture of ATCase in a TR-SAXS experiment, we mixed
PALA with enzyme and CP (final concentrations,
0.75 mM active sites, 5 mM PALA, 50 mM CP). As
seen in Fig. 6, the integrated intensity observed
immediately after mixing was shifted towards the
R-state value. The rate constants for the fast and slow
phases aftermixingwith PALAwere bothmore than 1
order of magnitude slower than the corresponding
T→R transition rate constants observed in the pre-
sence of a saturating concentration of the natural
substrates, L-Asp and CP. The single fast phase rate
constant for the structural change with 50 mM
succinate and 50 mM CP was 38 s−1, similar to the
rate of the fast phase with the natural substrates at a
saturating concentration.
Effect of nucleotides
The time course of the quaternary structural
change in the presence of ATP is shown in Fig. 7
and is similar to that observed in the absence of
nucleotides. However, in the presence of ATP, the
duration that the enzyme remains in the R-state
plateau is shorter than that in the absence of
nucleotides and the kT→R(1) increased from 51 to
89 s−1. The time course of the structural change for
ATCase in the presence of the nucleotide inhibitors is
shown in Fig. 8. The rate of T→R transition in the
presence of CTP and CTP/UTP decreased signifi-
cantly to 12 and 10.3 s−1, respectively. The inte-
grated scattering intensity of the R-state plateau in
the presence of CTP and CTP/UTP is lower than
that observed in the absence of nucleotides, and the
duration of the plateau in the presence of CTP and
CTP/UTP is much shorter than that in the absence
of nucleotides.
The results with UTP alone were unexpected. The
rate of the fast phase of the T→R transition in the
presence of UTP was identical with that in the
absence of nucleotides. The integrated scattering
intensity of the R-state plateau in the presence of
UTP is also the same as that in the absence of
nucleotides. However, the duration of the R-state
plateau phase in the presence of UTP is only half of
that observed in the absence of nucleotides, suggest-
ing a slight destabilization of the R state by UTP.
Determination of the activation energy of
ATCase
The kinetics of the quaternary structural change
was observed at a series of temperatures between 5
and 22 °C in order to calculate the activation energy
Fig. 7. Time evolution of the quaternary structure
change of 0.75 mM ATCase (in active sites) as monitored
by the scattering intensity integrated over the s-range
0.01–0.02 Å−1 after mixing with 50 mM substrates (Asp
and CP) and without nucleotides (○) and with [ATP]=
5 mM (●). Inset: First 300 ms of the structural change after
mixing with substrates shown along with the curve fits
(two-exponential) to the data.
Fig. 8. Time evolution of the quaternary structure
change of 0.75 mM ATCase (in active sites) as monitored
by the scattering intensity integrated over the s-range
0.01–0.02 Å− 1 after mixing with 50 mM substrates
(Asp and CP) and without nucleotides (○), with [CTP]=
4 mM (◊), with [UTP]=4 mM (□, dashed curve), and with
[CTP]= [UTP]=4 mM (▪, dashed curve). Inset: First500 ms of the structural change shown after mixing with
substrates along with the curve fits to the following data:
without nucleotides (○, two-exponential) and with CTP
and UTP (▪, one-exponential).
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of the quaternary conformational changes of ATCase
both from the T to the R state and from the R to the T
state. Unfortunately, above 10 °C, the T→R transi-
tion rate is so fast that our instrumentation was
unable to follow it. However, the rate constants for
the R0→T0 (unliganded states) transition after the
substrates were exhausted were obtained by fitting
the lower half of the return phase to a single
exponential fit. The rate constants for the R0→T0
transition (kR→T) at 5, 10, 16, and 22 °C were
2.08±0.03, 3.7±0.1, 5.1±0.1, and 8.3±0.1 s−1, respec-
tively. An Arrhenius plot of these data is shown in
Fig. 9, which yielded an activation energy for the
R0→T0 transition of 13.0±1.4 kcal/mol.
Discussion
TR-SAXS experiments investigating the time
evolution of the quaternary structural change of
ATCase induced by the binding of the natural
substrates CP and L-Asp were performed here in
the absence of ethylene glycol. In previous studies,19
20% ethylene glycol was added to all solutions to
allow the experiment to be performed at −5 °C.
Here, we demonstrate that ethylene glycol drama-
tically alters the homotropic and heterotropic
kinetics of the enzyme, as is the case with many
other alcohols.14 Therefore, these new studies were
important not only in monitoring the quaternary
structural change at temperatures closer to physiolo-
gical but also because ethylene glycol was elimi-
nated from the reaction.
In order to better correlate the time-resolved
structural results reported here at 5 °C to the
functional characteristics of ATCase at this tempera-
ture, we performed a complete kinetic characteriza-
tion of the enzyme at 5 °C. As would be expected,
the maximal velocity of the enzyme at 5 °C in the
absence and presence of the nucleotide effectors was
reduced nearly fivefold as compared to the maximal
velocity at 25 °C. The [Asp]0.5 at 5 °C in the absence
of nucleotides was also reduced nearly threefold,
with a concomitant reduction in the cooperativity
for Asp (see Table 1). Similarly, in the presence of
nucleotides at 5 °C, the [Asp]0.5 was reduced but
with no change in cooperativity, except when CTP
was present, where the cooperativity increased. The
results of these kinetic experiments suggest that the
structural results obtained from the TR-SAXS
experiments performed at 5 °C should strongly
correlate with the structure and function of the
enzyme at higher temperatures.
In agreementwith previous results,19 whenATCase
is mixed with its natural substrates, CP and L-Asp,
there is a rapid structural transition of the enzyme
from the T to the R state. The preponderance of the
enzyme population remains in the R state as the
enzyme reacts with the substrates and then reverts
to the T state when the substrates are exhausted (see
Fig. 5b). This clearly demonstrates that the allosteric
transition is not the rate-limiting step in catalysis, as
has been previously suggested.20 Therefore, under
conditions of saturating substrates, the enzyme
remains in the R-quaternary structure until the
substrates are essentially exhausted and then reverts
to the T-quaternary structure.
As shown in the inset to Fig. 5b, the T→R struc-
tural transition upon addition of the natural sub-
strates to the enzyme appears to be a biphasic
exponential process, with a fast and slow phase. In
this particular case, the fast phase accounts for
approximately 75% of the total amplitude of the
curve, representing the change in integrated inten-
sity between the mixture of T and R states at the first
recorded time point and R state at the curve plateau.
Considering the evidence against the formation of a
structural intermediate as demonstrated in Fig. 5a,
along with the structural transition being a single-
phase exponential process in the presence of
allosteric inhibitors, as shown in Fig. 8, we deter-
mined that the curve monitoring the structural
change may represent a composite of T-state species
with different ligation states, each with its own
particular rate of transition to the R state, as has been
previously suggested in studies of the rate of the
structural change in ATCase.13,21 In the case of the
allosteric protein hemoglobin, it is well documented
that not only different ligation states but also
configurational isomers, or asymmetric ligation
states, exhibit a wide range of structural transition
rates that originate from different activation ener-
gies for the structural change.22,23 When all the CP
binding sites of T-state ATCase are saturated, as they
are under our experimental conditions, there are 13
possible species or ligation states with aspartate
bound in the six binding sites when taking into
account the T-state interactions between the C1 and
C4 chains on opposing catalytic trimers. Therefore,
the two rates we observe are the composites of up to
13 or more individual rates for the T→R transition
when accounting for these configurational isomers.
The observed rate of the T→R transition increases
about threefold when doubling the aspartate con-
centration from 25 mM, a concentration well in ex-
Fig. 9. Arrhenius plot of the temperature dependence
of the R→T transition. The rate constants for the R-to-T
transition (kR→T) at 5, 10, 16, and 22 °C were 2.08±0.03,
3.7±0.1, 5.1±0.1, and 8.3±0.1 s−1, respectively.
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cess of the KR(Asp) value of 3.5±0.5 mM, to 50 mM,
while also doubling the enzyme concentration.
Therefore, we are confident that the structural
transition is triggered by aspartate binding to the T
state and is not a simple shift in the preexisting
equilibrium between the T and R states towards the
R state caused by aspartate binding only to that state
and “locking” it into that state. If the structural
transition were simply a population shift to the R
state, then the rate would not change or change very
little when the aspartate concentration is increased
from 25 to 50 mM as both concentrations are well in
excess of KR(Asp). This can be accounted for using a
kinetic version of the two-state model, which would
suggest 14 individual rates for the allosteric transi-
tion, defining the T-to-R equilibrium constants at
the 7 ligation states.24 In order to approximate the
average number of aspartate molecules bound to
the T state during the structural transition, we used
the equation derived for the two-state allosteric
model of Monod et al., simplified by assuming a
saturating concentration of CP in the manner
previously described to fit our aspartate saturation
data at 5 °C.17,18 After obtaining a reasonable fit of
the data and extracting the appropriate parameters,
we obtained a KT(Asp) value of 40±10 mM. With an
active-site concentration of 0.75 mM and an aspar-
tate concentration of 25 mM, an average of 33–46%
of the active sites are ligated with aspartate (2–2.5
per holoenzyme). Similarly, at an aspartate concen-
tration of 50 mM, an average of 50–67% of the active
sites are ligated with aspartate (3–4 per holoen-
zyme), and at an aspartate concentration of 100 mM,
an average of 67–77% of the active sites are ligated
with aspartate (4–4.6 per holoenzyme). These
observations compare favorably with the previous
SAXS studies of Fetler et al. that show that two
PALA molecules per ATCase holoenzyme molecule
are necessary to shift the T-to-R equilibrium in favor
of the R state and that four PALA molecules are
necessary to shift the entire enzyme population to
the R state.25 Macol et al. demonstrated that the
binding of one PALA molecule could shift the entire
holoenzyme population to the R state; however, the
holoenzyme was composed of five chains with the
R105A mutation.26 In either case, the enzyme clearly
does not need to be saturated with substrate analogs
or presumably substrates, in order to shift the
equilibrium towards the R state. Our findings
suggest that the faster observed rate is the composite
of rates of the structural transition for the highly
liganded species, with three or more active sites
filled. Likewise, the slower observed rate may be the
composite of structural transition rates of the least
liganded species, with two or fewer active sites
filled. At an aspartate concentration of 25 mM, we
observe only one exponential fit to the data, which,
according to our model, would be the composites of
rates of the least liganded species along with the
rates of the highly liganded species containing three
or more aspartate present as a small fraction of the
mixed population. Increasing the aspartate concen-
tration from 50 to 100 mM yielded identical rates for
both observed phases, suggesting that once three or
more aspartate molecules are bound to the holoen-
zyme, the rate for the structural transition is near a
maximum, or that highly liganded T-state molecules
bound with four or more aspartate are present as
only a small fraction of the population even at high
aspartate concentrations. Further evidence for this
model is provided by comparison of the ratio of the
fast-phase amplitude to the slow-phase amplitude at
50 mM aspartate and 100 mM aspartate concentra-
tions; at the higher aspartate concentration, the ratio
is higher, suggesting a shift in population towards
the highly liganded molecules.
There are some substantial qualitative differences
between these TR-SAXS results and the data
obtained previously in the presence of ethylene
glycol,19 such as the time course of the TR-SAXS
pattern of the enzyme in the presence of ATP, shown
in Fig. 7. We observed that the R-state plateau region
in the presence of ATP, during which most of the
substrates are being converted to products, is
shorter than that in the absence of ATP. This was
not unexpected since ATP, an activator of the en-
zyme, at 5 °C increased the Vmax value from 4.2 to
5.4 mmol h−1 mg−1 (Table 1) as well as the apparent
binding affinity of L-Asp, as the [Asp]0.5 value de-
creased from 5.1 to 2.9 mM. However, in the
presence of 20% ethylene glycol, a longer R-state
plateau was observed in the presence of ATP than
in its absence.19 To explain this, it was proposed that
ATP, in addition to being an activator, may possibly
become an inhibitor by “increasing the chance of
making L-Asp bind to the active site before Pi
leaves and locking the active site into an unproduc-
tive cycle with no alteration of the quaternary
structure”.19 In that experiment, the activity of the
enzyme was dramatically reduced not only by the
presence of 20% ethylene glycol, which, as demon-
strated in Fig. 1a, reduces the activity by 75%, but
also by performing the TR-SAXS at −5 °C. The
similar phenomenon of “substrate inhibition” has
been observed for the isolated catalytic subunit and
for the incomplete complexes C6R4 and C3R6, as well
as for the holoenzyme C6R6,
27–29 where a high
aspartate concentration ostensibly acts as an inhi-
bitor by binding to the CP binding site.
As detailed in Table 2, ATP increased the rate of
the T→R transition, specifically the rate of the fast
phase, by approximately 75%. It should be noted
that in the presence of ATP, the allosteric transition is
so rapid that with the current instrumentation, the
experimental error is somewhat large. As discussed
previously, saturating the enzyme with aspartate
beyond a concentration of 50 mM did not increase
the rate of the structural transition. Therefore, one
possible interpretation is that ATP increases the on
rate of aspartate to the T state,20 suggesting that
aspartate binding is a rate-limiting step in the
allosteric transition. However, a more elegant expla-
nation, which is in accord with the data from the
inhibitors CTP and CTP/UTP and numerous studies
on the effects of the heterotropic nucleotides,30–32
can be derived using some aspects of the two-state
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model of Monod et al.17,18 At pH7.0, Howlett et al.
observed that ATP increases the stability of the R
state relative to the T state by 0.8 kcal and reduces
the T-to-R equilibrium constant from 250 to 7 in the
absence of substrates.17,31 The R-to-T transition rate
with ATP was reduced by only approximately 15%
(Fig. 7), suggesting a slight stabilization of the R
state; therefore, the large increase in the T→R rate
would suggest a significant T state destabilization
by ATP. Here, the two-state model suggests that ATP
binds more tightly to the R state and therefore shifts
the structural equilibrium in favor of the R state.17,31
However, our observation of a possibly different
mechanism for ATP was suggested by the crystal
structures of the T and R states of the enzyme in the
presence of ATP; the T-state structure showed a
slight shift towards the R state with ATP present,5
whereas, globally, the R-state structure was un-
changed in the presence of ATP.33 It should be noted
that under these conditions with ATP, the Vmax did
increase even though the structural state at saturat-
ing substrate levels appears to be the same R state as
that with no ATP present, with the caveat that the
Vmax value is difficult to obtain precisely from
steady-state kinetics curves that exhibit substrate
inhibition. This suggests that the previously
observed increase in the Asp to CA exchange rate
with ATP may influence the catalytic mechanism to
a modest degree.20 However, our time-resolved
structural study indicates that perturbation of the
T-to-R equilibrium specifically via T-state destabili-
zation may be the most significant mechanism of
ATP activation of ATCase.
The time courses of the quaternary structural
change in the presence of CTP or CTP/UTP are
similar in the presence and absence of ethylene
glycol (see Fig. 8). For both cases, in the presence of
CTP or CTP/UTP, the duration of the R-state-shifted
plateau is shorter and the integrated intensity of the
plateau is lower than that in the absence of
nucleotides, and the observed return to the T-state
quaternary structure is a slow exponential decline as
the remaining substrates are consumed as the
enzyme population shifts towards the T state. The
integrated intensity of the peak with CTP present
and with CTP/UTP present was approximately 80%
and 75%, respectively, of that when no nucleotides
were present, indicative that the percentage of high-
activity R-state molecules at a saturating substrate
concentration was reduced to a similar value. This is
in excellent agreement with the enzymatic kinetic
data, in which the Vmax was, within error, reduced
by the same amount as the integrated scattering
peak in the presence of CTP and CTP/UTP as com-
pared to when no nucleotides were present. These
allosteric inhibitors also reduced the rate of the
structural transition by more than fourfold. Similar
to the condition when no nucleotides were present
and the substrate concentration was 25 mM, the
initial time course of the structural change fits to a
single exponential. This suggests that the least
liganded species have a rate that is so reduced that
we do not observe them before the shortened pla-
teau starts its reversion towards the T state or that
the R→T rate for these species is nearly equal to the
T→R transition rate. As with the case of ATP, our
experimental observations are not in complete
agreement with some of the tenets of the two-state
model; the much reduced T→R transition rate
suggests that the nucleotide inhibitors stabilize the
T state, and the incomplete conversion of the
enzyme population to the R state at a saturating
substrate concentration and shift in equilibrium
towards the T state long before the substrates are
exhausted caused by the collective R→T rates
becoming greater than the T→R rates suggest that
they destabilize the R state. Using the two-state
model as a theoretical framework, Howlett et al.
observed that CTP increases the stability of the T
state relative to the R state by 0.9 kcal and increases
the T-to-R equilibrium constant from 250 to 1250 in
the absence of substrates.17,31 In addition, the two-
state model suggests that CTP and UTP exert their
influence by binding more tightly to the T state and
shifting the structural equilibrium in favor of the T
state. However, again as with ATP, our observations
are somewhat at variance with this model but are
supported by the crystal structures of the T and R
states of the enzyme in the presence of CTP; the T-
state structure globally was unchanged in the
presence of CTP,5 and the R-state structure was
shifted slightly in the direction of the T state with
CTP present.33
In the case of UTP, by itself, it had no influence on
the kinetics of the enzyme with the exception of
raising the [Asp]0.5 slightly. It also had no influence
on the kinetics of the T→R transition, except for
increasing the rate of the slow phase for reasons that
are unclear. However, UTP did have a noticeable
effect on the length of time the enzyme spent in the
R-state plateau region, causing the enzyme popula-
tion to begin reverting to the T state before the
substrates were exhausted. This indicates that UTP
may slightly destabilize the R state but otherwise
does not have an appreciable effect on the allosteric
behavior of ATCase under these conditions.
The activation energy of the R→T transition was
determined by fitting the bottom half of the return
curve, after the enzyme had exhausted the sub-
strates, to a single exponential rate, as opposed to
the upper half of the curve where presumably not all
enzyme molecules have completely exhausted the
substrate bound to the active sites. By fitting the
bottom half of the return curve, mainly the rate of
R0→T0 should be observed, which is supported
by the very low error in the kR→T values obtained.
As shown in Fig. 9, the EaR→T was calculated to be
13.0±1.4 kcal/mol from the slope of the Arrhenius
plot. At temperatures above 10 °C, the T→R rate
was so rapid that the data could not give rates with a
reasonable error. Moreover, these rates are compo-
sites of the multiple species with different ligation
states, making interpretation of a single activation
energy value problematic. However, by making
some assumptions, an approximate value for the
T→R activation energy was derived for the unli-
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ganded T and R states. Assuming that the respective
transition states in both the T→R transition and
R→T transition are the same, and the free energy
difference between the T and R states is 3.3 kcal/
mol,17,31 then the activation energy for the T→R
transition should be in the range of 15–18 kcal/mol.
The charged–charged hydrogen bonds between
Glu239 and Lys164 and noncharged hydrogen
bonds between Glu239 and Tyr165 are critical for
the stabilization of both the T and R state conforma-
tions of the enzyme, which are interchain in the T
state and intrachain in the R state.7 Sakash et al.
showed that three of the six stabilizing interactions
between catalytic chains on opposing subunits
involving Glu239 are sufficient to stabilize the
enzyme in the T-state conformation.34 Thus, at
least three of the hydrogen bonds involving
Glu239 must be broken during the allosteric transi-
tion. Considering a typical charged–charged hydro-
gen bond energy is approximately 4 kcal/mol and a
noncharged hydrogen bond energy is approxi-
mately 0.5–1.5 kcal/mol,35,36 the minimal energy
required for the allosteric transition of the enzyme is
13.5–16.5 kcal/mol. The results reported here are
consistent with these calculations.
The rate of the allosteric transition was also
measured when ATCase is mixed with two substrate
analogs: succinate, an aspartate analog that pro-
motes the T→R state transition when combined
with CP, and PALA, a bisubstrate analog that
binds at nanomolar affinity and also causes the
T→R state transition. The structural transition rate
with succinate and CP at a concentration of 50 mM
each was slightly lower than the rate with the
natural substrates at equivalent concentration and
was observed to be a single exponential process.
This may be because succinate binds approxi-
mately 1 order of magnitude more tightly than
aspartate,17,37,38 and therefore, the bulk of the T-state
molecules should be highly liganded during the
transition to the R state. However, the structural
transition rate with PALAwas more than 1 order of
magnitude slower than that with the natural
substrates. The kinetics of the interaction of PALA
with the isolated catalytic subunit at pH7.0 and
25 °C has been studied using stopped-flow kinetics
and 31P saturation transfer NMR by Cohen and
Schachman.39 They observed a rapid binding of
PALA followed by a much slower isomerization of
the complex with a forward rate constant of 0.18 s−1,
similar to the rate constant of the slow phase we
observed by TR-SAXS of 0.31 s−1. However, the
catalytic subunit by itself does not undergo a T→R
transition; hence, it is unclear whether the similarity
of these values implies a similar mechanism
between the change in the tertiary structure follow-
ing PALA binding to the catalytic subunit and the
change in the quaternary structure following PALA
binding to the holoenzyme. The rate constant data
and integrated scattering intensity presented here
were obtained after mixing PALA with enzyme
premixed with CP, to be consistent with the other
experimental conditions. In addition, experiments
were performed where PALAwas mixed with only
the enzyme and the rate constants for the T→R
transition were essentially identical (data not
shown), which suggests that the slow allosteric
transition after PALA binding is not caused by
having to displace CP from the active site. Because
PALA combines elements of both substrates into one
covalently linked bisubstrate analog, when the CP
moiety of PALA initially binds, the aspartate moiety
may not be able to bind well to the aspartate binding
site with the domains open, as they are in the T state.
Subsequently, the enzyme may undergo a slow
conformational change in order for the aspartate
moiety to bind tightly and then complete the T→R
structural conversion. In this regard, PALA appears
to fit in the category of a slow, tight-binding
inhibitor.40 However, the phenomenon of PALA
being a very tight-binding bisubstrate analog that
causes an initial conformational change followed by
a much slower conformational change needs further
investigation to be better understood.
In summary, our data showed that ethylene glycol
had a profound influence on the kinetics and
behavior of ATCase; therefore, the time evolution
of the allosteric transition of ATCase was reinvesti-
gated in the absence of ethylene glycol by SAXS,
revealing several important new insights. Experi-
mentally, these studies demonstrate that SAXS is
now capable of monitoring relatively rapid struc-
tural changes at temperatures approaching physio-
logical. The allosteric transition is not the rate-
limiting step in ATCase catalysis, and the rate of
allosteric transition is increased with increasing
substrate concentration up to 50 mM. ATP appears
to destabilize the T state and to have little effect on
the R state. CTP and the combination of CTP/UTP
appear to destabilize the R state and stabilize the T
state. PALA causes a very slow conformational
change as compared to the natural substrates. In the
future, novel TR-SAXS experiments could be per-
formed with hybrid ATCase molecules that bind
one, two, three, four, or five aspartate molecules to
determine the individual rate constants and activa-
tion energies for each one of these species. Such
studies will be facilitated by further instrumental
upgrades that are being made to improve time
resolution. We believe that we have begun to arrive
at a clear understanding of the allosteric mechanism
of ATCase, and further studies into its dynamic
behavior utilizing such time-resolved techniques as
employed here will be invaluable in this.
Experimental Procedures
Materials
ATP, CTP,UTP, CP, L-aspartate, D-aspartate,N-carbamoyl-
L-aspartate, potassium dihydrogen phosphate, sodium
azide, succinate, and uracil were obtained from Sigma
Chemical Co. (St. Louis, MO). Ammonium sulfate, electro-
phoresis-grade acrylamide, and trishydroxymethylamino-
methane (Tris)were purchased from ICN (CostaMesa, CA).
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PALA was obtained from the National Cancer Institute,
National Institutes of Health (NIH). All commercially avail-
able starting materials and solvents were reagent grade or
better and used without further purification. CP dilithium
salt was purified before use by precipitation from 50% (v/v)
ethanol and was stored desiccated at −20 °C.
Enzyme preparation
The E. coli ATCase was overexpressed utilizing E. coli
strain EK110441 containing plasmid pEK152.42 The isola-
tion and purification were as described previously.41 The
purity of the enzyme was checked by SDS-PAGE43 and
nondenaturing PAGE.44,45 The concentration of wild-type
enzyme was determined by absorbance measurements at
280 nm with an extinction coefficient of 0.59 cm2/mg.46
The purified enzyme was dialyzed into a buffer solution
containing 50 mM Tris and 2 mM DTT, pH8.3, and con-
centrated to approximately 75mg/ml. The pHof the buffer
solution was readjusted to be approximately 8.3 at 5 °C.
Enzyme kinetics
The activity of the enzyme was measured by the colori-
metric47 method at either 5 or 25 °C. Colorimetric assays
were performed at a pH of 8.3, in 50 mM Tris acetate
buffer. All of the saturation kinetics was performed in
duplicate, and the data points shown are the average
values. Data analysis for the steady-state kinetics was
carried out as previously described.48 The experimental
data were fit to theoretical equations using nonlinear
regression. When significant substrate inhibition was pre-
sent, the data were analyzed using an extension of the Hill
equation that includes a term for substrate inhibition.28
The nucleotide saturation curves were fit to a hyperbolic
binding isotherm by nonlinear regression.
Small-angle X-ray scattering
Time-resolved X-ray scattering experiments were per-
formed on beamline 4-2 at SSRL, Menlo Park, CA. Syn-
chrotron radiation from a 20-pole 2-Twiggler was focused
by a bent cylinder mirror and monochromatized (X-ray
wavelength, 1.38 Å) by a pair of synthetic W/B4C multi-
layer diffraction elements.15 A stopped-flow mixer injected
0.1 ml of enzyme solution and an equal volume of another
solution, typically containing substrates or substrate ana-
logs, into an observation cell via a mixing chamber. The
observation cell was kept at a constant temperature within
an error of ±0.5 °C. The dead time of our stopped-flow
apparatus for X-ray scattering is approximately 5–10 ms,
which is the earliest time point that one can obtain after
initiation of the enzyme reaction. All stopped-flow experi-
ments were performed at a pH of 8.3, in 50 mMTris acetate
buffer containing 2 mM DTT. The time-resolved measure-
ments were done by mixing solutions from two syringes:
one syringe containing the substrate CP, nucleotides where
applicable, and enzyme and the other containing the sub-
strates CP and L-Asp (or substrate analogs where applic-
able) and nucleotides where applicable. D-Asp was
substituted for L-Asp for recording the T-state scattering
curves without enzyme catalysis as well as for the back-
ground correction with identical electron density contrast.
A series of successive measurements of 2D scattering
data and corresponding beam intensities were synchro-
nized with the completion of sample mixing. The data
sampling rate for all experiments was 19 ms, with the
exception of the curves displayed in Fig. 5, in which the
rate was 36 ms. The scattering data were recorded by an
image-intensified interline CCD X-ray detector system
(Hamamatsu Photonics C4880-80-14A & V5445P),49
located at ∼85 cm from the observation cell. The beam
intensities incident on the sample were integrated during
a series of CCD exposures by the European Molecular
Biology Laboratory data collection system.49 The detector
channel numbers were converted to s=2sinθ/λ, where 2θ
is the scattering angle and λ is the X-ray wavelength
(1.38 Å), by recording the position of the (100) and related
reflections of a cholesterol myristate powder sample
placed at the sample position. Image distortion correction
of 2D data was performed using the program Fit2D.50
Radial integration, intensity scaling, background subtrac-
tion, and correction for nonuniformity of detector
response were done by MarParse, developed at SSRL.51
Each reported set of T→R rate constants was obtained
from averaging three individual runs under the same
conditions, with each run inspected for consistency and
any experimental anomalies. The time courses of the initial
quaternary structural change were subject to both one-
exponential curve fits and two-exponential curve fits with
terms for separate amplitudes and time constants. The
number of reported rate constants reflects which least-
squares fit yielded the highest R value (correlation
coefficient) or goodness of fit under each experimental
condition. The time evolution of the structural change
displayed in Figs. 4–7 is from individual single-mixing
runs, and the reported R→T rate constants were obtained
from the same individual runs.
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